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PREFACE

The California Strong Motion Instrumentation Program (CSMIP) in the Division of Mines
and Geology of the California Department of Conservation promotes and facilitates the
improvement of seismic codes through the Data Interpretation Project. The objective of the
this project is to increase the understanding of earthquake strong ground shaking and its
effects on structures through interpretation and analysis studies of CSMIP and other
applicable strong motion data. The ultimate goal is to accelerate the process by which
lessons learned from earthquake data are incorporated into seismic code provisions and
seismic design practices.

The specific objectives of the CSMIP Data Interpretation Project are to:

1.  Understand the spatial variation and magnitude dependence of earthquake strong
ground motion.

2. Understand the effects of earthquake motions on the response of geologic formations,
buildings and lifeline structures.

3.  Expedite the incorporation of knowledge of earthquake shaking into revision of
seismic codes and practices.

4. Increase awareness within the seismological and earthquake engineering community
about the effective usage of strong motion data.

5. Improve instrumentation methods and data processing techniques to maximize the
usefulness of SMIP data. Develop data representations to increase the usefulness and
the applicability to design engineers.

This report is the twelfth in a series of CSMIP data utilization reports designed to transfer
recent research findings on strong-motion data to practicing seismic design professionals and
earth scientists. CSMIP extends its appreciation to the members of the Strong Motion
Instrumentation Advisory Committee and its subcommittees for their recommendations
regarding the Data Interpretation Research Project.

Anthony F. Shakal Moh J. Huang
CSMIP Program Manager CSMIP Data Interpretation
Project Manager



ABSTRACT

The response of the Northwest Connector at the I-10/215 Interchange in the
1992 Landers and Big Bear earthquakes was recorded by a strong motion
instrumentation network. The Connector is a 2540 ft. curved bridge constructed
in 1973 and retrofitted for improved earthquake performance in 1991. Although
the peak ground acceleration was approximately 0.10 g at the site for both
earthquakes, much less than the level of ground motion expected in a major
earthquake, the strong motion data provides important information about the
earthquake response of a typical curved freeway bridge. The objectives of this
study are to: evaluate the importance of non-uniform support motion on the
response of the bridge; determine the vibration properties of the bridge;
determine efficacy of typical modeling and dynamic analysis techniques used in
the design of bridges to predict the response recorded in the earthquakes; and
examine the role of the intermediate hinges on the earthquake response of the
bridge.

The input motion was fairly uniform in the two earthquakes. Consequently,
the spatial variation of free-field input motion is not important for these cases.
The earthquake response of the Connector is predominantly transverse. Bent 8
near the center of the bridge is the most heavily instrumented bent. The
maximum transverse deformation of the column was 4.76 in. for Landers
(drift=0.86%), and 2.98 in. for Big Bear (drift=0.54%). Pile cap rotation produced
10 to 15 percent of the column displacement in the transverse direction.

The strong motion records show the effects of pounding as evidenced by
large acceleration spikes at the five intermediate hinges in the Connector. Using
the processed displacement records, Hinge 7 had the largest opening: 1.41 in. for
Landers and 1.70 in. for Big Bear. Several of the closing excursions have the high
frequency oscillation associated with pounding. Accumulated crushing of the
filler material in the hinge may have occurred in the second earthquake. In the
transverse direction, the relative hinge displacement is constrained by a shear
key. The shear keys were effective in limiting the relative displacement to a
maximum of 0.61 in. The maximum relative transverse displacements,
however, were greater than the nominal 1/4-inch gap, indicating that the shear
keys likely suffered local crushing of filler material.

The most significant finding is the difference in the fundamental mode
period of the Connector in the Landers and Big Bear earthquakes. The funda-



mental period lengthened from 1.56 sec in Landers to 1.75 sec in Big Bear. The
other noticeable difference between the two earthquakes is that the damping
ratio increased in the first and third mode, although it decreased in the second
mode. The lengthening of the vibration periods and generally increased damp-
ing may indicate that the bridge “softened” in the Landers earthquake. Changes
in the pile foundations appear to be the most likely cause, although reduction in
stiffness of the steel jacketed columns is a contributing factor in the lengthening
of the vibration periods.

Standard three-dimensional “stick models” are used in addition to a
nonlinear model of the intermediate hinges. The gross flexural rigidity (EI) for
the columns, increased 10 to 15 percent for the steel jackets, are then modified to
match the vibration periods of the model with the identified periods of the
Connector in the two earthquakes. For the Landers model, the modification
factor is 1.05; for the Big Bear earthquake the modification factor is 0.85. The
reduction of the column stiffness between the two earthquakes, along with the
reduced rotational stiffness for the pile foundations, accounts for the lengthened
vibration periods identified from the recorded motion. With these assumptions,
the comparison between the model motion and recorded motion is good in
many aspects. Although there are some differences, the comparison provides
confidence that standard analysis techniques are adequate for design with proper
assumptions about column and foundation flexibility. However, the modeling
of hinges using gap elements does not provide accurate high frequency response
due to pounding of adjacent frames.

The analysis shows that the most heavily loaded column was Bent 9 in the
Landers earthquake, with a bending moment that was 73 percent of the ultimate
flexural capacity. The nonlinear model showed the restrainers developed a
maximum stress of 97 ksi, less than the yield stress. The hinge pounding
included in the nonlinear model caused a moderate increase in some column
forces compared with the linear tension and compression models which neglect
pounding.
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APPLICATION TO CODES AND PRACTICE

There is very little strong motion data for long, curved bridges. The response
of the Northwest Connector at the I-10/215 Interchange in the 1992 Landers and
Big Bear earthquake provides valuable information about the response of this
common type of freeway structure.

The response comparison shows that standard modeling techniques,
including the nonlinear behavior of the hinges, provides an adequate correlation
between the recorded and computed responses. However, the ability of models
to represent response accurately depends on realistic estimates of bent and
foundation stiffnesses. Although linear tension and compression models
typically used in bridge design give an upper bound of forces for many columns,
they are not an upper bound for all columns because of hinge pounding. The
study shows that the simple nonlinear model of hinges and restrainers is
adequate for capturing the hinge behavior in the two earthquakes. An additional
aspect is that once a column yields, pounding of adjacent frames may
substantially increase the ductility demands of the yielded columns, although
inelastic behavior has not been addressed in this study.

The nonlinear hinge models with elastic models for the remainder of the
structure have several advantages over the linear models. The nonlinear
models provide reasonable estimates of hinge opening and restrainer forces.
Furthermore, the nonlinear models can indicate transfer of forces by pounding,
and isolation of frames by hinge opening. It is recommended that this type of
modeling be considered for the design of bridges where there is particular
concern about the performance of hinges and restrainers and the effect of
pounding on stiff frames.
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Chapter 1

INTRODUCTION

1.1 Background

A common type of freeway bridge in California is the connector. Connectors
are elevated, curved bridges at an interchange that allow traffic to move at near
full speed from one freeway to another. Interest in the seismic performance of
connectors began when the 1971 San Fernando earthquake severely damaged
several bridges. As shown in an experimental study conducted nearly twenty
years ago (Williams and Godden, 1976), the curved superstructure of a connector
can be very effective in resisting seismic loads. The hinges reduce the inherent
stiffness of a curved box girder, however, and are susceptible to local damage
which may affect the stability of the bridge.

There has been an increased effort to understand the earthquake response
and behavior of multiple-span bridges since the 1989 Loma Prieta earthquake
demonstrated that existing bridges may not be adequate to protect the public. The
partial collapse of two connector bridges at the Interstate 5/Route 14 interchange
in the 1994 Northridge earthquake further emphasized the importance of
understanding the seismic response of these structures (Moehle, 1994; Priestley,
Seible et al., 1994).

The Landers and Big Bear earthquakes, on June 18, 1992, triggered an exten-
sive strong motion instrumentation network at the Northwest Connector, a
curved bridge that carries two lanes of traffic from eastbound Interstate 10 to
northbound Interstate 215 at an interchange in Colton, California (Darragh, Cao
et al., 1993). The Connector is a 2540 ft long, curved, concrete box girder bridge
with sixteen spans supported by single column bents and diaphragm abutments.

This report presents a study of the seismic response of the Northwest
Connector in the two 1992 earthquakes. The response of the bridge to the 1994
Northridge earthquake is beyond the scope of the current study. This work has
been sponsored by the California Division of Mines and Geology (CDMG), Office
of Strong Motion Studies, the agency responsible for the instrumentation



network, data collection, and record processing. The study has been conducted in
conjunction with the California Department of Transportation (Caltrans), the
organization that designed and operates the Connector.

1.2 Objectives of Study

The goal of this study is to use the strong motion data recorded at the
Connector during the 1992 Landers and Big Bear earthquakes to improve the un-
derstanding of the earthquake response of this common type of freeway bridge.
Specifically, the objectives are to

* Determine the vibration characteristics of the bridge.

¢ Evaluate the importance of non—uniform support motion on the response
of the bridge.

e Examine role of the intermediate hinges on the earthquake response of the
bridge.

e Determine efficacy of typical modeling and dynamic analysis techniques
used in the design of bridges to predict the response recorded in the
earthquakes.

The attainment of these objectives will help improve the earthquake-resistant
design of freeway structures. The strong motion data collected by CDMG is
essential for verifying the earthquake performance of these important lifeline
components.

1.3 Previous Studies of Bridges

1.3.1 Studies Utilizing Strong Motion Records

Compared with buildings, few bridges have been instrumented with strong
motion accelerometers and there is relatively little strong motion data available.
This section summarizes the response studies of multiple-span bridges and
viaducts. It does not describe the seismic instrumentation and response studies
of long-span suspension and cable-stayed bridges.

An early study examined the response of the Route 156/101 separation in
San Juan Batista, California, during the 1979 Coyote Lake earthquake (Wilson,
1984). The six span, steel girder bridge is instrumented with twelve
accelerometers to record the response of a single simple-span and its two bents;
there is no instrumentation on the abutments or in the free-field. The time-
domain identification procedure by Beck (1978) proved successful in identifying



the two lower vibration modes of the bridge. A reasonable comparison of the
computed response, using a finite element model of the bridge, with the
moderate-amplitude recorded response could only be obtained when the
bearings of the simple spans were assumed to resist longitudinal forces.

The Meloland Overcrossing near El Centro, California, is a two-span
reinforced concrete box girder bridge with a single column bent and monolithic
abutments. In 1978 CDMG installed an array of twenty-six accelerometers on the
deck, abutments, and in the free-field. The large amplitude response recorded in
the 1979 Imperial Valley earthquake has been the subject of several
investigations by Werner (1987; 1993) and Douglas (1984; 1990). The 1987 study by
Werner used a system identification technique, named MODE-ID, to determine
the vibration properties and pseudo-static displacements of the supports. The
results indicated that the abutments and embankments had a major effect on the
response of the short bridge. A separate study concentrated on identifying
parameters for a detailed model of the abutments and embankments (Wilson
and Tan, 1990). The study identified a damping ratio for the embankment alone
greater than twenty percent, although the effective damping is substantially less
for the complete bridge system.

A recent, extensive study of Meloland (Werner, Crouse et al., 1993) used
another identification procedure, MODEL-ID (Katafygiotis, 1991; Beck and
Katafygiotis, 1992), to estimate directly the abutment stiffness and damping
parameters. The results confirmed that the embankments have large damping
ratios. A separate dynamic response analysis provided information about the
magnitude of forces in the structure and the foundation piles during the 1979
Imperial Valley earthquake.

Another CDMG instrumented bridge is the Painter Street Overcrossing near
Rio Dell, California. It is a skewed two-span reinforced concrete box girder
bridge with a two—column central bent; one abutment is monolithic and the
other has a seat support. Maroney (1990) interpreted the response of the bridge
during six earthquakes between 1980 and 1987. A study based on a detailed
nonlinear finite element model of the bridge has been completed at the
Lawrence Livermore National Laboratory (McCallen, 1993). In 1992, very strong
motion of the bridge was recorded in the Cape Mendocino earthquake sequence,
reaching a peak acceleration of 1.2 g in the transverse direction (Darragh, Cao et
al., 1993). The response of the bridge system has been studied using a nonlinear
finite element model of the embankment and foundations (Sweet and Morrill,
1992). A conclusion from that study is that a nonlinear model of the soil can
represent the effects of the abutments on the earthquake response of the
superstructure. A recent study of the Painter Street bridge involves using the



recorded response to determine stiffness coefficients for the embankments (Goel
and Chopra, 1994).

The Dumbarton bridge, which crosses San Francisco Bay between Menlo Park
and Fremont, California, is the longest bridge for which strong motion data is
available. In the 1989 Loma Prieta earthquake, strong motion records were
obtained from twenty-five accelerometers on the bridge and one free-field
instrument. A study by Fenves (1992) obtained spectral estimates of vibration
properties and compared the response computed from a model with that
recorded in the earthquake. The results showed the sensitivity of the earthquake
response to assumptions about the articulations and longitudinal constraints at
the hinges. Additional studies have been performed at Lawrence Livermore
National Laboratory (McCallen, 1992).

Although not a freeway bridge structure, an elevated section of the Bay Area
Rapid Transit (BART) line has been instrumented by CDMG. The records from
the 1989 Loma Prieta earthquake have been evaluated in at least one study
(Tseng, Yang, et al., 1992).

1.3.2 Experimental Studies

The damage to freeway bridges in the 1971 San Fernando earthquake moti-
vated much of the early research about seismic-resistant bridge design. In one of
the most important experimental studies of single bent box girder connectors,
Williams and Godden (1976) conducted shaking table tests on models of the
South Connector Overcrossing at the Interstate 5/Route 14 interchange, which
suffered extensive damage in San Fernando.

The model used in the shaking table investigation was a 1:30 scale model of
the eastern portion of the South Connector (Bents 2 to 6), including the frame
with one bent that collapsed in the earthquake. The model had well-defined
symmetric and antisymmetric vibration modes that correlated fairly well with an
analytical model. The measured damping ratios in the vibration modes were
two to three percent.

A good correlation with the analytical model, however, required estimating
rotational stiffness coefficients for the abutment supports and friction at the
hinges. Furthermore, the response was sensitive to the torsional stiffness of the
hinges. An extensive set of seismic tests showed how damage is concentrated at
the hinges, particularly by vertical lift-off and failure of the transverse shear key.
Increasing the torsional stiffness of the hinges was effective in tying the frames
together and reducing damage. Longitudinal restrainers were also effective in
reducing damage caused by antisymmetric vibration. The study provided many



recommendations for the design of curved connectors, especially related to the
hinges, which were incorporated in Caltrans bridge design specifications.

In another study, Gates and Smith (1984), summarized the results from
ambient vibration testing of fifty—seven typical California bridges. Bollo and
others (1990) performed forced vibration testing and static push testing on a
frame of the two-level Cypress Street viaduct, which collapsed in the 1989 Loma
Prieta earthquake. Chen (1993) used snap-back testing of a slab-on-girder bridge
to investigate various models of transverse response for this common type of
bridge in the eastern United States. Recently, Richardson and Douglas (1993)

completed field testing of a curved box girder bridge to determine its vibration
properties.

13.3 Other Applications

An analytical study of the earthquake response of connector bridges was
conducted by Imbsen and others (Imbsen, Nutt et al., 1978), as part of a
comprehensive study of freeway structures following the 1971 San Fernando
earthquake. The parameter study of three curved connector bridges compared
the results of linear, response spectrum analysis with nonlinear analysis. The
nonlinear modeling included the intermediate hinges.

Several other studies have applied system identification methodology to
determining vibration properties and damage parameters for bridges. A recent
study used modal analysis to determine the vibration properties of a cable-stayed
pedestrian bridge (Gardner-Morse and Huston, 1993). Kim and Ang (1992)
computed the statistics of a global damage index for the South Connector
Overcrossing. Other system identification application for bridges, not necessarily
seismic related, are documented in the literature (Salane and Baldwin, 1990;
Hogue, Aktan et al., 1991; Hjelmstad, Wood et al., 1992; Raghavendrachar and
Aktan, 1992).

1.4 Organization of Report

Chapter 2 of this report describes the Northwest Connector, site and
geological conditions, strong motion instrumentation, and the characteristics of
the 1992 earthquakes.

The methodology used for the seismic evaluation of the Connector is
described in Chapter 3. After reviewing the equations of motion for a structure
subjected to multiple-support excitation, the three major aspects of the
methodology are outlined, as follows:



* Analysis of free-field and support motion for the structure (Chapter 4).

¢ Evaluation of earthquake response and identification of vibration
properties (Chapter 5).

¢ Structural modeling, dynamic analysis and comparison of response
(Chapter 6).

Chapter 7 presents conclusions along with recommendations for further study
and strong-motion instrumentation of bridges.



Chapter 2

DESCRIPTION OF CONNECTOR AND EARTHQUAKES

2.1 Introduction

The Northwest Connector carries two lanes of traffic from eastbound
Interstate 10 to northbound Interstate 215 at a freeway interchange in Colton,
California. Figure 2.1 shows a plan of the interchange including the Northwest
Connector (Bridge No. 54-823G). The Connector is a 2540 ft long, curved,
concrete box girder bridge with sixteen spans supported by single column bents
and diaphragm abutments. Figure 2.2 shows a general elevation and plan of the
Connector from the Caltrans drawings.

Table 2.1 summarizes the major events in the history of the Connector.
Although the design was completed in 1969, construction was delayed by the 1971
San Fernando earthquake. Construction of the interchange was completed in
1973.

While the Interstate 10/215 interchange was under construction, the San
Jacinto fault zone was mapped in close proximity to the structures. The geologi-
cal investigations indicated that the Northwest Connector crosses a major fault
in the San Jacinto zone. The California Division of Mines and Geology map of
Special Studies Zones shows the northern one-half of the Connector located in
the San Jacinto fault zone (CDMG, 1977). The approximate location of the fault
in relation to the interchange is indicated in Fig. 2.1.
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Figure 2.1  Schematic Plan of the Interstate 10/215 Interchange in
Colton, California.

The Northwest Connector and the similar Southwest Connector were two of
the early bridges retrofitted under Caltrans’ Phase II seismic retrofit program.
Caltrans selected the bridges for early retrofit because of their importance to the
operation of two Interstate routes and their location within the San Jacinto fault
zone. Caltrans designed the retrofit in 1990 and construction was completed in
early 1992. Near the end of construction, Caltrans and CDMG installed a strong
motion instrumentation network on the Northwest Connector. The retrofit and
installation of strong motion instrumentation were completed six months before
the 1992 earthquakes.
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drawings).

Figure 2.2



Table 2.1. History of Northwest Connector

Date Event

1969 Design completed

1972 San Jacinto fault zone mapped near the

Connector

1973 Construction completed

1987 Expansion joint seals replaced

1990 Seismic retrofit design completed

1991 Seismic retrofit construction completed
Jan. 1992 Strong motion instrumentation

installation completed
April 22,1992  Joshua Tree earthquake
June 28,1992  Landers and Big Bear earthquakes
Jan. 17, 1994 Northridge earthquake

2.2 Geology and Site Conditions

The Interstate 10/215 interchange is located in the San Bernardino valley
near the Santa Ana River basin. The valley consists of alluvial deposits from
alluvial fans and river flood plains. The Northwest Connector crosses the
northern segment of the San Jacinto fault zone. The fault acts as a barrier against
ground water flow, producing a drop in the water table on the southwest side of
the fault compared with the northeast side. The sandy soils and high ground
water table present a potential for liquefaction during an earthquake. The
geology and site conditions are documented in two Caltrans reports which were
prepared for the seismic retrofit (Jackura, 1991; Knott and Goldschmidt, 1991).

2.2.1 San Jacinto Fault

The northern segment of the San Jacinto fault zone is an important
geological feature of the region and the Connector site. The fault zone, one of
the most active in California, consists of a number of individual faults oriented
in a northwest-southeast direction from the San Gabriel mountains to the
Imperial Valley. In 1972, Sharp (1972) mapped the fault zone in the Valley,
identifying the Glen Helen, Loma Linda, and Claremont faults. The latter has
generally been considered the San Jacinto fault in the San Bernardino Valley.
Earthquakes on the San Jacinto fault near San Bernardino occurred in 1899, 1918
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(ML=6.8) and 1923 (ML=6.3) according to Doser (1992). Although there is some
controversy about the causative fault for the 1923 earthquake, the epicenter may
have been within five miles of the interchange.

Sieh (1973) conducted geological investigations of the Claremont fault in
1972, including trenching at three locations. Based on surface features and
inference, the Claremont fault was located through the interchange, which was
nearing completion at the time. An aerial photograph, plate 7b in Sieh (1973),
shows the trace of the fault crossing the Northwest Connector in a Northwest—
Southeast direction at the Santa Ana River channel, directly south of Fairway
Drive. The trenching provided evidence that the fault is at most several
thousand years old. An analysis of the faulting history indicates three episodes
with estimated total horizontal offsets of 1.8 ft, 3.0 ft, and 5.1 ft Each episode may
have included several earthquakes. The most recent vertical offset was 2.7 ft to
3.2 ft. The trenching showed evidence of sand boils from the historical episodes,
indicating the occurrence of liquefaction.

More recent trenching by Wesnousky and others (Wesnousky, Prentice et al.,
1991) within 0.6 mi. southeast of the interchange used the deposits from an
ancient stream bed to estimate the minimum average slip rate along the fault as
1.7 to 3.3 mm/year. Based on this estimate and the seventy years since the last
moderate earthquake, the authors conclude that the fault is in the later stages of
strain accumulation, with a high probability of generating a magnitude 6 to 7
earthquake in the region. A magnitude of 7.5 appears to be the maximum
credible event on the fault.

The CDMG map of the special study zone (CDMG, 1977), which does not
show the exact plan of the interchange, has the inferred location of the fault
crossing under the Connector near Fairway Drive. Again, Fig. 2.1 shows the
approximate location of the San Jacinto fault in relation to the Connector.

The Connector is near other important faults. The closest point of the San
Andreas fault is 7.5 miles northeast of the interchange. That San Andreas
segment has a maximum credible magnitude 8.25. The Cucamonga fault is 12
miles from the Connector; it has a maximum credible magnitude of 7.0.

2.2.2 Geotechnical Conditions

Except for the river channel and flood—control embankments, the site is gen-
erally level. The ground elevation ranges from 955 ft in the channel to 1000 ft
outside of the channel. The site consists of deep unconsolidated alluvial deposits
associated with the Santa Ana river. The alluvial deposits are estimated to be 800
to 900 ft thick near the interchange, but they may be as thick as 1200 ft.

11



The soil profile along the alignment of the Northwest Connector can be de-
termined from nineteen boreholes drilled in 1968 prior to the original construc-
tion, six boreholes drilled in 1989 for the retrofit design, and additional borings
for the liquefaction study. The foundation materials consist of slightly compact
to dense sand in the upper layer underlain by compact to dense sand, silty sands,
and sand and gravel mixtures (Jackura, 1991).

Figure 2.3 shows the profile from the Jackura report (1991), along the line B-
B' in Fig. 2.1. Except for fill, the top soil layer generally consists of slightly
compact to dense, clean sands and silty sands to an elevation of 930 ft to 945 ft
(the thickness varies between 20 to 60 ft). The top layer of clean sands is
intermixed with silty sands and occasional fine and coarse gravel at various
locations. The top layer of dense sand extends to at least elevation 880 ft.

Consistent with the presence of the river channel and the observation about
the effect of the San Jacinto fault on ground water, the water table varies consid-
erably along the bridge, as indicated in Fig 2.3. The ground water elevation
changes 35 ft across 400 ft of level ground near the interchange (Knott and
Goldschmidt, 1991).

A study concluded that large-scale liquefaction damage of the pile
foundations is not expected with existing water table levels, although the
approach embankments and river levees may experience damage (Jackura, 1991).
For the Northwest Connector, the northern three supports at Bents 15 and 16 and
Abutment 17 may suffer liquefaction damage. For the maximum probable water
table conditions, the foundations for five supports may experience damage: Bents
6, 11, 15, 16, and Abutment 17.

2.3 Original Design and Construction of the Connector

The Northwest Connector was designed in 1969 in accordance with the
AASHO standards of that year. As shown in Fig. 2.2, the Connector is a 2540 ft
long, sixteen-span concrete box girder bridge. Beginning at Abutment 1, the
alignment has a 1018 ft length on a 1200 ft radius curve, a 1268 ft length on a 1300
ft radius curve, and a 254 ft straight segment ending at Abutment 17. The central
portion of the bridge has a vertical curve of 900 ft radius with a maximum profile
grade of 4.74%.

12
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The structural system consists of six frames, connected at five intermediate
hinges. The hinges are designated by the spans in which they are located: Hinge
3, Hinge 7, Hinge 9, Hinge 11, and Hinge 13. The frames have a cast in-place box
girder superstructure supported by two to four single column bents. The box
girders in two frames (Hinge 3 to Hinge 7, and Hinge 9 to Hinge 11) are post-
tensioned in the longitudinal direction. The spans of the four conventionally
reinforced frames range from 75 ft to 155 ft. The spans of the two post-tensioned
frames range from 183 ft to 204 ft. The column height (from top of pile cap to the
box girder soffit) varies from 24 ft for Bent 16 to 77 ft for Bent 5. The soil
overburden at Bents 2 and 16 is 20 ft and 9 ft, respectively; the overburden at
Bents 10 and 11 is 10 to 12 ft.; the overburden at the other bents is 4 to 5 ft. Most
of the bents are oriented without skew, with the exception of Bents 11 to 15. Bent
11 has the most skew at 24 degrees.

The only available information about the materials used in the construction
of the Connector are the specified allowable stresses. The allowable stress for
concrete is 1300 psi, except 1200 psi is specified for deck slabs. This translates to
28-day compressive strengths of approximately 3000 psi. The prestressed frames
have a specified 28—-day compressive strength of 4300 psi for Hinge 3 to Hinge 7
and 3500 psi for Hinge 9 to Hinge 11. All concrete is normal weight. Based on
the allowable steel stresses, the reinforcement is Grade 60, except deck slab
reinforcement and stirrups are Grade 40 or 50.

Figure 2.4 shows the typical section of the 8 ft deep box girder for the conven-
tionally reinforced concrete frames. The cross—section for the post-tensioned
frames has the same overall dimensions, but the interior girders are 12 in. thick
instead of 10 in. All the girders are flared near the bent caps, as are the soffits.

The original single column bents, shown in Fig. 2.4(a), have an octagonal
cross—section, with overall dimensions of 8 ft by 5.5 ft, and are flared in both di-
rections near the top. The longitudinal reinforcement in the columns consists of
#11, #14, or #18 bars in one or two rings. The columns in Bents 4, 5, and 6, have
the most longitudinal reinforcement at 7.6 percent. The transverse reinforce-
ment consists of various arrangements of #4 stirrups spaced at 12 in. The longi-
tudinal column reinforcement is extended straight into the bent cap 5.5 ft, except
for Bents 4 and 7 which are designed to release moments at the column-bent cap
connection. The bent cap is 9.5 ft wide and 8 ft deep, with top longitudinal
reinforcement varying from 36 to 54 #11 bars. Transverse reinforcement consists
of various arrangements of #6 stirrups at 12 in. . The connection between the
column and pile cap is provided by dowels, lap spliced forty bar—diameters with
the longitudinal reinforcement.
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Figure 24  Single Column Bent and Box Girder Cross-Section.

The original foundations for the single column bents consist of a pile cap
(without top reinforcement) and reinforced concrete piles. The largest founda-
tions (for Bents 4, 5, and 7) have a 24 ft by 23 ft pile cap, 6.75 ft thick, and 48 piles.
The smallest pile cap (for Bents 12 and 13) has a 21 ft by 15 ft pile cap, 4.75 ft thick,
and 28 piles. The piles are spaced three to four feet on center. All piles are 70
ton, except for 100 ton piles for Bent 2. Although the as-built plans are not clear
about the piles used in construction, it appears that they are one foot square
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precast prestressed piles. The pile lengths range from 21 ft for Bent 5 to 50 ft for
Bent 8.

At the diaphragm abutments, the box girder is integral with a 13 ft high
backwall. The tapered wingwalls are 18 ft long. The connection between the
backwall and the five foot wide pile cap is provided by #6 dowels at 12 in.
Abutment 1 has nine 72 ft long piles, five vertical and four battered at 1:3;
Abutment 17 has seven 43 ft piles, four vertical and three battered.

The five intermediate hinges in the superstructure have a seat width of 32
inches or 36 inches, of which 2 inches is specified to be expanded polystyrene and
a joint seal (see Fig. 2.5). The condition of the hinges at the time of the
earthquake is not documented. All hinges are straight, except for Hinges 11 and
13 which have 23 and 13 degree skew, respectively. The support for the girders at
a hinge is provided by elastomeric bearing pads. Although it was not possible to
determine material specification for the pads, the plans show they are 4 to 5.5 in.
thick. Relative transverse displacement at a hinge is prevented by a shear key.
The sides of the shear keys have 1/4~inch joint filler.

Since the South Connector Overcrossing at the Interstate 5/Route 14
interchange collapsed in the San Fernando earthquake because of excessive
longitudinal displacement at the hinge seats, Caltrans specified installation of
seven cable restrainer units at the hinges of the Northwest Connector (as was
done later in the Phase I seismic retrofit program statewide). There are no
vertical restrainer cables at the hinges.

16
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2.4 Selsmic Retrofit

The decision to retrofit the Northwest Connector (and the Southwest
Connector) was based on the importance of the bridge, known deficiencies in the
original design (Roberts, 1991), and the fact that the bridges crossed a mapped
fault. The features of the extensive retrofit are field-welded steel jackets on most
of the bent columns, strengthened pile caps and foundations for the bents with
full jacket retrofits, new cable restrainer units for the hinges, and support blocks
at the abutments. Figure 2.6 is a general plan of the retrofit design.

A steel jacket provides confinement, shear strength, and flexural ductility for
a column subjected to the large lateral displacements expected during an
earthquake (Priestley, Seible et al., 1992). The jackets are 1/2-inch thick steel
casings in an elliptical shape around the column. The void between the elliptical
shell and the octagonal column is pressure filled with cement grout. The jackets
are installed within two inches of the footing (and soffit for full length jackets) to
prevent the steel casing from increasing the flexural strength of the column.

There are two types of column retrofits: Class F jackets are intended to
develop the strength of the column with large rotational ductility in the plastic
hinge region; Class P jackets allow a column to rotate below the full flexural
capacity (because of the lap splices and dowel connection between the column
and pile cap), acting more as a hinge. The difference between the two is that the
Class P retrofits have a 1/2-inch thick polystyrene filler around the original
columns to inhibit the bond with the cement grout and jacket. For the
Connector retrofit, the Class F jackets are full column height, whereas the Class P
jackets only extend over the lower eighteen feet of the column. The short
embedded columns for Bents 2 and 16 have a combination of Class P retrofit for
the lower eighteen feet (mostly embedded) and Class F retrofit for the remainder
of the column height. Fig. 2.4(b) shows a typical bent with a full length jacket
retrofit from the Caltrans drawings.

The foundations for the ten bents with a Class F retrofit were upgraded to
transfer the plastic moment through the pile cap and provide overturning
resistance with new piles. This required construction of a larger pile cap, with a
top mat of reinforcement and shear reinforcement, encompassing the original
pile cap. The largest foundations (for Bents 4, 5 and 7) were upgraded to a size of
33 ft by 31 ft, with a top mat 1.25 ft or 2.25 ft thick, and thirty additional 100 ton
piles around the perimeter. The new piles are 16 in. diameter steel pipes (1/2~
inch thick), driven to a tip elevation between 895 ft to 918 ft. The piles are filled
with concrete to elevation 935 ft. The piles are embedded 8 inches into the new
pile cap and six U-shaped stirrups per pile provide pullout resistance.
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Since there were concerns about the strength of the original diaphragm
abutments and the potentially large relative displacements that may develop
across the San Jacinto fault, a supplemental support beam was installed in front
of each abutment. There is a 1-1/4 inch vertical clearance between bearing blocks
on the support beam and the bridge soffit. The support beam will hold the end

of the bridge after dropping on to the bearing blocks in the event of a massive
abutment failure.

The final retrofit measure was to replace the original restrainers with four
cable units (one per cell) at each hinge, using the existing cores through the end
diaphragms below the seats. Each cable unit consists of five 3/4~inch diameter
twisted strand cables, 20 ft in length.

2.5 Earthquakes Recorded at the Connector

Within a year of the seismic retrofit, the Connector withstood three earth-
quakes in the Landers sequence. The characteristics of the Joshua Tree earth-
quake on April 22, 1992, and the Landers and Big Bear earthquakes on June 28,
1992, are summarized in Table 2.2. The Joshua Tree earthquake is considered a
precursor to the Landers earthquake, and the Big Bear earthquake is classified as
an aftershock (Sieh, Jones et al., 1993). During the current study, the Connector
was subjected to the Northridge earthquake on January 17, 1994 (CSMIP, 1994).

The Landers event, with a magnitude of Ms=7.6 (NEIC), was the largest
earthquake in California since the 1952 Kern County earthquake. The
earthquake resulted from extensive shearing along 53 miles (85 km) on five
overlapping faults (Sieh, Jones et al., 1993). The azimuth of the faults is about 10
degrees west of North, although it varies among the five faults. The focal depth
was shallow for a California earthquake, an estimated 5.6 miles (9 km). The
ground rupture was generally right-lateral strike-slip with an average of 10 ft (3
m) horizontal offset. A maximum horizontal offset of 20 ft (6 m) occurred across
a section of one of the faults (Emerson). The maximum vertical displacement of
6 ft (2 m) occurred where the fault bends (USGS, 1992).

Based on broad-band digital seismographic data, Kanamori (1992) concludes
that the Landers earthquake consisted of two distinct events from sources about
19 miles (30 km) apart. Each source had a rupture duration of about six to eight
seconds, with peaks about ten seconds apart. The seismic moment of the second
source is about three time larger than the moment for the first source.

Three hours after the Landers earthquake a magnitude Ms=6.6 earthquake
occurred about 19 miles (30 km) west of the Landers epicenter, near Big Bear Lake
in the San Bernardino mountains. The focal depth was a shallow 4.3 miles (7
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km) and the rupture propagated in a northeast direction, along a previously
unmapped left-lateral fault, without evidence of surface rupture.

Table 2.2. Earthquakes and Free-Field Ground Motion Recorded
at the Northwest Connector

Peak Acceleration (g)

Epicentral Bracketed
Event Magnitude Distance Horizontal2 Vertical puyration?
MS (mileS) (sec)
Joshua Tree® 6.3 52 — —
Landers 7.6 50 0.089 0.062 26
Big Bear 6.6 28 0.112 0.073 14
Northridged 6.8 72 0.10 0.04

3Instantaneous peak horizontal acceleration.

ime the ground acceleration peaks exceed 0.05 g.
cAccelograph not operational.
dBased on unprocessed records.

2.6 Observed Earthquake Damage

After the two earthquakes on June 28, 1992, Caltrans maintenance personnel
inspected the Connector. The only damage noted in the initial inspection report
was spalled concrete in the barrier at Hinge 3. A more extensive Caltrans inspec-
tion of the Connector on July 13, 1992, revealed that the left barrier (inside edge
of deck) near Hinge 3 spalled an area 8 in. by 6 in. with a depth of 6 in., exposing
steel reinforcing bars. Below the deck, the seat of Hinge 3 had three hairline
cracks radiating from the reentrant corner of the seat.

Hinges 3, 7, and 9 were inspected from the deck with no other apparent dam-
age. Both sides of Hinges 11 and 13 were inspected by removal of the soffit access
plates in one cell of the box girder. There was no evidence of damage to the cable
restrainers or brackets.

A report by the Caltrans Post-Earthquake Investigation Team from the
Division of Structures described settlement at the hinges, possibly caused by
earthquake damage to the elastomeric bearing pads (Yashinksy, Maulchin et al.,
1992). Maintenance personnel noted that the expansion joints had had a history
of problems and were replaced in 1987. There was no direct inspection of the
bearing pads because of the lack of access to the interior of the hinges.
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2.7 Strong Motion Instrumentation

The Northwest Connector has been extensively instrumented with a net-
work of strong motion accelerometers by the Office of Strong Motion Studies,
California Division of Mines and Geology, in conjunction with Caltrans. The
CDMG designation for the Connector is Station No. 23631. After careful study
and review the instrumentation was located to record a variety of responses of
the bridge. Figure 2.7 shows the location and directions of the thirty-four
accelerometers on the Connector.

A sheltered ground motion station is located approximately 825 ft east of the
Bent 11 in a parking lot at E and Hospitality Streets in San Bernardino (Station
No. 23542). Although a survey of the site was not available for this study, the 825
ft distance was estimated from an Engineering Geology Map of the interchange
prepared by Caltrans. The ground motion station is approximately 1400 ft from
Bent 8 according to information from CDMG.

The thirty~four force-balance accelerometers on the Connector are cabled to
nine digital recorders. The accelerometers have pre—event memory and they are
interconnected for time synchronization. The Office of Strong Motion Studies
processed the recorded acceleration data for instrument and baseline—corrections,
including integration for the velocity and displacement records (Darragh, Cao et
al., 1993). The accelerations are sampled at 100 Hz (At=0.01 sec.). As a result of
bandpass Ormsby filtering, the usable bandwidth for the data is 0.17 Hz to 47.2 Hz
(or periods between 5.9 sec. and 0.021 sec.).

The tri-axial ground motion accelerograph is a Kinemetrics SSA-1, and its
records were processed in a manner similar to the Connector records. The
ground motion recorder is not time synchronized with the Connector recorder,
so the relative start time between the free—field records and Connector records
must be established by a separate procedure (see Section 4.2).

The terminology for the axes of a curved bridge, longitudinal and transverse,
requires clarification. Caltrans defines the longitudinal direction of a curved
bridge along the chord between the abutments; the transverse direction is
orthogonal to the chord (Caltrans, 1990). In this report the directions based on
the chord are called the global longitudinal and global transverse directions. The
tangential and radial directions on the curved bridge are called the longitudinal
and transverse directions, respectively.

Table 2.3 summarizes the maximum response from the ground motion sta-
tion. Table 2.4 lists the location of the sensors, direction (longitudinal, trans-
verse, or vertical) and the maximum acceleration and displacement in the
Landers and Big Bear earthquakes from the processed records. The records them-
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selves will be shown in various forms in this report, but the complete set is not
included because of space limitations. The plots of the processed records are
available in the CDMG reports (Darragh, Cao et al., 1993).

Table 2.3. Maximum Free-Field Ground

Landers Earthquake Big Bear Earthquake

Peak Peak Peak Peak
Channel Direction = Accel. Displ. Accel. Displ.
(® (in.) (8 (in.)

1 90° 0.077 3.38 0.092 1.38
2 Up 0.062 1.34 0.073 0.44
3 180° 0.087 2.95 0.101 1.23
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Table 2.4. Location of Strong Motion Accelerometers on Northwest Connector
and Maximum Response in the Landers and Big Bear Earthquakes

Landers Earthquake Big Bear Earthquake
Peak Accel. Peak Displ. Peak Accel. Peak Displ.
Channel Location Direction (g (in.) (g) (in.)
1 Abut1l L 0535 3.23 0.401 2.04
2 Abut. 1 \Y 0.187 1.02 0.099 0.33
3 Abut. 1 T 0.243 1.93 0.189 1.26
4 Bent 3, Footing L 0.103 2.78 0.085 1.07
5 Bent 8, Footing, \', 0.107 1.07 0.075 049
North Side
6 Bent 3, Footing T 0.099 2.38 0.110 1.24
7 Hinge 3, West T 0.297 6.30 0.379 5.91
Side ;
8 Hinge 3, East T 0.553 6.61 0.449 6.22
Side
9 Bent 7, Deck \Y 0.197 249 0.176 1.89
10 Hinge 3, West L 0.450 3.04 0.344 1.39
Side
11 Midspan, Bents T 0.393 9.76 0.287 6.73
5 and 6, Deck
12 Bent 8, Deck, \Y 0.258 2.36 0.214 2.07
North Side
13 Bent 8, Deck, \Y 0.354 3.27 0.225 1.49
South Side
14 Midspan, Bents \% 0.372 2.34 0.312 1.95
7 and 8, Deck
15 Hinge 7, North \" 0.346 2.50 0.311 1.98
Side
16 Hinge 7, South \Y 0.430 331 0.310 1.51
Side
17 Hinge 7, West L 0.638 2.59 0.342 3.11
Side
18 Hinge 7, East L 0.712 1.93 0.565 2.08
Side

L=Longitudinal (tangential); T=Transverse (radial), V=Vertical (up).
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Table 2.4 (cont'd). Location of Strong Motion Accelerometers on Northwest
Connector and Maximum Response in the Landers and Big Bear Earthquakes

Landers Earthquake Big Bear Earthquake
Peak Accel. Peak Displ. Peak Accel. Peak Displ.
Channel Location Direction ® (in.) @ (in.)

19 Hinge 7, West T 0.512 1047 0.496 5.20
Side

20 Hinge 7, East T 0.392 10.28 0.329 4.68
Side

21 Not Used — —_ — — —
Bent 8, Footing, L 0.163 1.34 0.250 1.21
South Side
Bent 8, Footing, \' 0.072 1.11 0.082 0.49
South Side

4 Bent 8, Footing, T 0.179 4.88 0.147 1.60
South Side

25 Hinge 9, West T 0.323 6.38 0.255 3.02
Side

26 Hinge 9, East T 0.298 6.26 0.251 3.00
Side

27 Not Used -_ — — — —

28 Hinge 11, West L 0.281 2.82 0.361 2.35
Side

29 Hinge 11, West T 0.288 7.55 0.302 5.51
Side

30 Hinge 11, East T 0.432 7.68 0.406 5.71
Side

31 Hinge 13, West T 0.357 4.49 0.836 4.02
Side

32 Hinge 13, East T 0.413 413 0.450 3.75
Side

33 Hinge 11, East L 0.792 2381 0.663 215
Side

34 Abut. 17 L 0.322 3.28 0.222 1.44

35 Abut. 17 \' 0.102 1.03 0.097 0.39

36 Abut. 17 T 0.139 3.16 0.190 1.56

=Longitudinal (tangential); T=Transverse (radial), V=Vertical (up).
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Chapter 3

METHODOLOGY FOR EVALUATION OF
EARTHQUAKE RESPONSE

3.1 Introduction

This chapter presents the methodology used in the evaluation of the
Northwest Connector in the Landers and Big Bear earthquakes. Several
techniques are used to identify the vibration characteristics and evaluate the
earthquake response of the structure.

3.2 Summary of Structural Dynamics

The equations of motion for a linear structure subjected to multiple-support
motion are summarized in this section. The properties of the structure with N
degrees—of-freedom are represented by a mass matrix, m, stiffness matrix, k, a
coupling stiffness matrix, k,, and a damping matrix, ¢. In this study, classical (or
proportional) damping is assumed to model adequately energy dissipation in the
structure. The total displacement of the structure is the superposition of
“dynamic” response and “pseudo-static” response:

u' (1) = u(e) +ru(s) (3.1

-1 .
where U,(f) is the vector of support displacements and T =K K; is the matrix of
influence vectors for each component of support motion (Clough and Penzien,
1993).

Neglecting the excitation terms proportional to the support velocity, the
equations of motion are (Clough and Penzien, 1993):

mii(r) + cu(z) + ku(r) = ~mrii (r) (3.2)

The undamped eigenvalue problem for the structure, k¢ =w?m¢, gives the
vibration frequencies, @;, and vibration mode shapes, ¢, for mode i. The
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generalized mass for mode iis m =¢'m¢, and the vector of generalized
influence factors for the support motion is L; = r' m¢.

The solution for Eq. 3.2 can be represented by mode superposition over
J << N vibration modes using generalized coordinates:

J
u(r) =3 6Z;(0) 33)

j=1

By orthogonality of the vibration modes, the equations of motion for the
generalized coordinates are uncoupled:

Z4(1)+ 28@2,(0)+ 0 Z() =~ 1T 1) (34
m;

in which ¢; is the damping ratio for vibration mode i.

The solution to Eq. 3.4 can be represented by Laplace transforms. A time-
dependent quantity a(z), is related to its Laplace transform a(s), by a(t) = a(s)e®.
The Laplace transform of Eq. 3.4 is:

l l T (35)
—xL;u,(s :
st +2bmi s+ m; s(5)

Z(s)=-

Since the identification of vibration properties is based on recorded total
acceleration, it is necessary to use Eq. 3.1 to represent the Laplace transform of the
total acceleration. The influence matrix can be represented in terms of modal
contributions:

J
1 (3.6)
r=2woL]

Jj=1 mj

Using Egs. 3.1, 3.5, and 3.6, the total acceleration vector can be expressed in terms
of the support acceleration vector:

T (s) = H(s)ii(s) (3.72)

where,

28



J
H(s)= Y, H;(s)b] (3.7b)
j=1

2805+ 0}
Hi(s)=— 8,05+ 0, 5 (3.7¢)
s*+28iw;s+ wj

1

b; = m—;LTJ'("J (3.7d)
In Eq. 3.7(a), [H(s)]m is the transfer function between support point m and
degree-of-freedom n in the structure. The transfer functions are rational
polynomials of s, in which the numerator is order 2J -1 and the denominator is
order 2J. When the Laplace transform is evaluated on the imaginary axis,
s=iw, the functions H(iw) are the frequency response functions. More
specifically H(iw) are called transmissibility functions because they give the ratio
of ground acceleration (input) to the structure acceleration (output).

3.3 Nonparametric Evaluation

The nonparametric evaluation techniques used in this study are: a)
examination of the recorded time histories to ascertain overall characteristics of
the earthquake response of the Connector; and b) spectral analysis to obtain the
transmissibility functions, in particular identifying the vibration periods.
Although numerical results are obtained from spectral analysis, the inherent
errors in the procedure mean that the results can only be considered qualitative.
A more accurate evaluation of vibration properties uses parametric
identification techniques.

3.3.1 Spectral Analysis

The power spectral density and cross—power spectral density functions of the
recorded earthquake motions can be used for non-parametric identification of
the vibration properties of the structure. For an ergodic and random process
with zero mean, the power spectral and cross-power spectral density functions
are Fourier transforms of the auto-correlation functions, R, (7) and Ryy(r), and
the cross—correlation function, R,y(r), for two processes, x and y (Clough and
Penzien, 1993):
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S (@)= % J' R (T)e Y dr
5,y(@)= 2—1”- [Ry (@) ar
Sy (@)= %t- J' Ry ()™ dr

Whereas the power spectral density functions, S,,(®) and Syy(@), are real-
valued, the cross-power spe.ctral density function is a complex—valued
Hermitian function, Sxy(w)=Syx(a)), in which the asterisk denotes complex

conjugation. The power spectral density functions completely characterize the
input and output processes.

If process x is the recorded input acceleration (input) for a structure and
process y is the recorded acceleration (output) of the structure, the relationship
between the two can be expressed in terms of the transmissibility function, H(iw)
(Ljung, 1987; Pandit, 1991):

Syx (@)= H(iw)szx (w)
Sy (@) = H(iw)S,, (@)

Consequently, the power spectral density functions provide two estimates of the
complex-valued transmissibility function:

. Syx(®)

H =27
i0)=5 (@) 58

Syy (@)

In the absence of noise and other errors associated with the discrete Fourier
transform (mainly leakage), the two estimates of the transmissibility function
should be equal. The absolute value of H(iw) gives the transmissibility factor for
the structure; the ratio of the imaginary and real components of H(iw) is the
tangent of the phase angle between the input and output processes.

The coherency function between the input and output processes can be used
to judge the quality of the H(iw) estimate in the presence of noise. The squared
modulus of the coherency is the ratio of the two estimates of the frequency
response function (Ljung, 1987; Pandit, 1991):
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2
o = @) 15,y () (3.9)
Hy(iw) Sn(w)S”(w)

The squared modulus of the coherency ratio is a function of frequency that varies
between zero and unity. It can be shown that the spectrum of the noise is
proportional to 1-|y(i®)} A good estimate of the transmissibility function is
obtained when the coherency is near unity because the noise is small compared
with the response y.

In practice, it is necessary to accept estimates of H(iw) with coherency less
than unity. The accuracy of the two estimates depends on the noise in the input
process and output processes (Mitchell, 1982). It can be shown that H,(iw) is less
sensitive to output noise, whereas H,(iw) is less sensitive to input noise. In this
study, H,(iw) is used as the estimator for the transmissibility functions. As can
be seen from Eq. 3.8, the absolute value of H,(i®) is greater than the absolute
value of H)(iw) when the modulus of the coherency is less than unity.
Consequently, the H,(iw) estimate gives larger peaks than the H,(i®w) estimate.

3.3.2 Periodogram Estimate of Power Spectral Density Function

The periodogram can be used as a measure of the power spectrum of a
random signal (Oppenheim and Schafer, 1989). Periodograms are averages of the
discrete Fourier transforms of a signal. The transforms can be efficiently
computed using the fast Fourier transform (FFT) procedure. The averaging
smoothes the Fourier spectrum by reducing the randomness resulting from the
estimation procedure.

Before computing periodogram it is necessary to limit the frequency band of
the signal to reduce aliasing effects. Since the processed acceleration and
displacement records are band limited during the processing, no further filtering
is required. As mentioned in Section 2.7, the usable bandwidth of the recorded
motion is 0.17 Hz to 47.2 Hz.

Spectral analysis is improved by reducing the high-frequency content of the
records. Considering that the important vibration modes of the Connector have
frequencies less than 5 Hz (periods longer than 0.20 sec), decimation is performed
by lowpass filtering the records and resampling at 10 Hz. The decimated records
contain information to one-half the sampling rate (Nyquist frequency) of 5 Hz.

The averaging procedure is based on the method by Welch, as described on
page 737 of Oppenheim (1989). To compute the average periodogram, the record
is divided into, possibly overlapping, segments. The FFT of the segment, with a
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data window is computed. The periodogram is an average of the square of the
FFT amplitudes over the segments. It is well-known, however, that there is a
tradeoff between smoothness of the estimated frequency response function from
the periodograms and error, or bias, relative to the true function. Increasing the
number of segments produces a smoother estimate of H(w) at the expense of
reducing the frequency resolution and eliminating peaks.

The tapering window used for each segment reduces leakage due to the dis-
crete Fourier transform and allows better resolution of peaks in the frequency
response function. A window tapers the signal to reduce errors inherent in the
discrete Fourier transform, such as leakage. The choice of a window, such as
Hanning, Hamming, Bartlett, or Kaiser, requires judgment based on the charac-
teristics of the frequency response function being estimated and the resolution
needed to identify peaks in the transmissibility function. A Kaiser window is
used for the spectral analysis in this study. The factor for the window is f=15.7,
which gives sidelobes down 120 dB from the mainlobe, providing excellent
tapering (Oppenheim and Schafer, 1989) and a frequency resolution of 0.02 Hz
for a sample of 512 points.

3.4 Parametric Ildentification

There are fundamental problems with identifying vibration properties of a
structure by spectral analysis that are related to the application of the FFT to
transient response (Pandit, 1991). A more accurate technique for identifying
vibration properties is based on representing structural response in the discrete
time domain in terms of parameters of a model (Ljung, 1987; Pandit, 1991). The
parameters can be estimated by least-squares procedures to minimize the error
between the discrete time model and recorded response. The vibration
properties of the structure can be determined from the best-fit parameters of the
model. Safak (1991) has presented an excellent summary of parametric
identification of building vibration properties from earthquake records. Other
identification procedures for structural response are described in the literature
(Katafygiotis, 1991; Beck and Katafygiotis, 1992).

In this study a single input, single output model is used for determining
vibration frequencies and damping ratios of the Connector. A multiple output
model would be needed to identify mode shapes, and a multiple input model
would be needed to determine the pseudo-static influence matrix, r. When
restricted to single input in Eq. 3.7, the matrix b; is a scalar for the one input DOF
(support point) and one output DOF, and H(s) is scalar of the transmissibility
function between the input and output.
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To develop a parametric representation, the continuous response in the
Laplace domain can be transformed to discrete time assuming the input and
output are constant over each time step, Az. Using the zero—order hold method,
the transfer function in discrete time can be represented as a Z-transform
(Astrom and Wittenmark, 1990). The Z-transform of Eq. 3.7 restricted to single
input and output is written as (Safak, 1991):

-1 -2
H (z) - BUZ + BZ]Z
J a2jz_2 + aljz"l +1

where the correspondence with the continuous case is apparent. The Z-
transform of the scalar H(s) can be expanded as a rational polynomial:

H(z)= blz'1 + bzz'2 +...+ szz'ﬂ (3.10)
1+ alz'1 + a22_2 +...+ awz_u

The order of the model is 2J.

The Z-transform in Eq. 3.10 has the following relationship between the
input x(f) and output y(z):

YO +ayt-D+ayt-2)+...+ay;y(t-2J)= (3.11)
bx(t-1-d)+byx(t—2—-d)+...by;x(t —2J - d)

where d is a time delay between input and output. . This model involves auto-
regression of the input and output histories and is called ARX for auto-
regressive extended (Ljung, 1987) or ARV for auto-regressive vector (Pandit,
1991).

The 4J coefficients in the autoregressive expression of Eq. 3.11 are evaluated
by a linear least squares procedure that minimizes the error between the recorded
input and output and the model (Safak, 1991). Once the coefficients in Eq. 3.10
are known, the poles of the Z-transform are the roots of the denominator:

1+az7! +an_2 +...+a2,z'2j =0 (3.12)

The complex-valued roots are denoted z,z,...25;. For a stable system all the
poles lie within the unit circle in the complex plane.

The poles of the Z-transform are related to the poles of the transmissibility
function by the sampling interval, Ar (Astrom and Wittenmark, 1990):

5= Zl;ln z (3.13)
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The poles of the transmissibility function in Eq. 3.7 are in complex conjugate
pairs:

5jx8; =—E;0; Tij\1-£? (3.14)

Given the poles from Eq. 3.13, the vibration frequency and damping ratio of
mode j can be determined from Eq. 3.14:

_ ’ -
(0] = Sij

s __Rels)
-

Q;

Issues related to accuracy of the model and selection of order and delay are
discussed in the references (Ljung, 1987; Pandit, 1991; Safak, 1991).

3.5 Structural Modeling and Dynamic Analysls

The final method used in the evaluation of the earthquake response of the
Connector is to create models of the structure, perform dynamic analysis with
the models, and compare the computed earthquake response with the recorded
response. The bridge is modeled by a ”stick model” consisting of one-
dimensional frame elements to represent the columns and the box girder. Since
there was no obvious damage to the bridge in the earthquakes, it is appropriate to
use an elastic model for the dynamic analysis. Standard dynamic analysis
methods are employed to solve the equations of motion for bridges, as described
by Fenves (1992).

To account for the opening and closing of the hinges, nonlinear gap
elements and tension-only elements are used in the model. A dynamic analysis
program, SADSAP, provides this type of nonlinear analysis capability (Wilson,
1992). The analysis method employs the following concepts (Wilson, Suharward
et al., 1994):

1. Load-dependent Ritz vectors are used as a basis for reducing the number
of DOF instead of eigenvectors. The Ritz vectors are generated using the
inertia loads and concentrated loads that produce hinge opening.

2. An initial stiffness linearization is used for all the linear elements in the
reduced basis. Consequently, the uncoupled modal equations are valid
for the entire solution history.



3. The nonlinear forces from the compression-only and tension-only
elements are placed on the right-hand side of the modal equations.
Iteration for each time step is used to evaluate the nonlinear forces and
converge to an equilibrium solution.

4. Within the iterations for a time step, the modal equations are solved
exactly assuming the loads and nonlinear forces vary as a linear function
over the time step.

The solution procedure is very efficient for large models with a small number of
nonlinear one-dimensional elements. This is the case for the model of the
Connector in which nonlinear elements are only used to represent the hinges
and restrainers.

Chapter 6 presents the modeling of the Connector and the comparison of the
computed and recorded responses in the two earthquakes.
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Chapter 4

FREE-FIELD AND SUPPORT MOTION

4.1 Introduction

This chapter presents the free-field ground motion and its relationship with
the support motion at four locations for the Connector. The free-field ground
motion station is located approximately 825 ft east of Bent 11 of the Connector.

4.2 Free-Field Ground Motion

To evaluate the recorded free-field ground motions, it is necessary to
transform the horizontal acceleration records to principal axes. At sites with a
large epicentral distance, the principal axes should correspond with the direction
to the epicenter (Kubo and Penzien, 1977). The principal directions are
determined from the covariance matrix for the horizontal ground acceleration
components:

1 Y T
u='1'v"§aiai

where the vector a; contains the acceleration values for the two horizontal
components at time step i. The eigenvectors of the 2x2 covariance matrix, y, are
the direction cosines for the principal directions and the eigenvalues are the
mean square amplitudes of the ground acceleration in the principal directions.

Table 4.1 gives the azimuths of the principal axes computed over the brack-
eted duration for each free—field ground acceleration record and the peak and
root-mean-square accelerations in the principal directions. The bearing from
the site to the Landers epicenter is approximately along the computed principal
axis of 251°-71°. The Big Bear epicenter had about the same bearing from the site
as the Landers epicenter, although the computed principal axis of 41°-221° isin a
more northerly direction by about ten degrees. The free-field ground accelera-
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tion records in the principal directions are shown in Figs. 4.1 and 4.2 for the
Landers and Big Bear earthquakes, respectively.

Table 4.1. Principal Directions of Free-Field Ground Motion

Major Principal Direction Minor Principal Direction
Peak RMS Peak RMS

Event Azimuth Accel. (g) Accel. (g) Azimuth Accel. (g) Accel. (g)
Landers 251° 0083  0.028 161° 0088  0.027
Big Bear 41° 0.109 0.015 311° 0.072 0.012

The pseudo-acceleration response spectra, with five percent damping, for the
horizontal free-field ground acceleration in the principal axes are shown in Fig.
4.3. The Big Bear earthquake has larger spectral ordinates than the Landers
earthquake for vibration periods less than one second. For periods greater than
three seconds, the spectral ordinates of the Landers earthquake are about twice
that of the Big Bear earthquake. It is expected that the Landers earthquake has
more long period energy than the Big Bear earthquake because it is a larger
magnitude and longer duration event. For both earthquakes the pseudo-
acceleration for the major principal axis is greater than the value for the minor
principal axis only in the short period range. For periods greater than about 1.5
sec, the minor principal axis has larger pseudo-acceleration ordinates than the
major axis.

The spectra for both earthquakes have a peak near a period of 1.8 to 1.9 sec.
This peak may be associated with the characteristic vibration period of the deep
alluvial site. To examine this explanation, downhole tests at the site provide an
average shear wave velocity of 1580 ft/sec for the alluvial sands (Jackura, 1991).
The presumed depth to bedrock is 1000 ft. Based on these data the characteristic
site period should be 2.5 sec. The calculated period is longer than the period of
the peak in the earthquake response spectra, but the assumed depth to bedrock
could be in error by 25 percent.
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Figure 41 Landers Free-Field Ground Acceleration in the Principal
Major Axis (251°) and Principal Minor Axis (161°).
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Figure4.2  Big Bear Free-Field Ground Acceleration in the Principal
Major Axis (41°) and Principal Minor Axis (311°).
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Figure 4.3  Response Spectra (5 percent damping) for Landers and Big
Bear Free-Field Ground Motion in the Principal Axes.

The response spectra for ground motion in the principal axes can be
compared with the smooth design response spectrum used by Caltrans. Figure
4.4 shows the ARS spectrum appropriate for the site (Caltrans, 1990). The
S5.7GD51 ARS spectrum corresponds to a peak ground acceleration of 0.7g and an
alluvial site with soil depth greater than 150 ft. Also shown in Fig. 4.4 is the ARS
spectrum reduced by a Z factor of four, a typical value of the reduction factor to
account for inelastic behavior and seismic risk for single column bents (Caltrans,
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1990). In the short period range, less than one second, the spectra for the
recorded earthquakes in their major principal axis exceed the reduced ARS/Z
spectrum. For longer periods the design spectrum envelopes the spectra for two
earthquakes, except for the peak for the Landers earthquake near 1.9 sec.
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Figure 44  Response Spectra (5 percent damping) for Landers and Big
Bear Free-Field Ground Motion in the Principal Axes
Compared with Caltrans ARS Design Spectrum.
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As will be shown in subsequent chapters, the important vibration modes of
the Connector have periods between 1.0 and 1.7 sec. The reduced design
spectrum envelopes the spectra for the recorded motion in this period range.
There is not, however, a large difference between the reduced ARS/Z spectrum
and the recorded spectra, so the forces developed in the Connector during the

Landers and Big Bear earthquakes approached the nominal design strength of the
columns.

4.3 Synchronization of Free—Fieid and Support Motion Records

The free—field ground motion records were not time synchronized with the
records from the Connector. Although the recorders received a radio signal that
provides absolute time, the time coding could not be interpreted. However, the
thirty—four channels on the Connector have a common time synchronization.
CDMG estimated that the Connector records lagged the free-field records by two
to three seconds for the Landers earthquake, and the lag was 0.6 to 0.8 sec for the
Big Bear earthquake.

The purpose of this section is to estimate the time lag between the recorded
free-field and structure records. Considering the lack of a precise survey and the
wave propagation properties of the site, the synchronization procedure must be
approximate. To determine the time lag, the following assumptions are made:

* Wave propagation effects are neglected and it is assumed that the vertical
motion at the free-field location and the footing of Bent 8, separated by
1400 ft, are in—phase.

* The processed vertical ground displacement records are used to determine
the time lag because they are least affected by soil-structure interaction.

The time lag between Channel 23 for the Connector relative to the free-field
Channel 2 is determined by computing the correlation coefficient between the
processed displacement records. The correlation is computed for a time window
from 20 sec to 40 sec in the free—field record, during which the largest vertical
ground displacement occurs for both earthquakes.

Figure 4.5 shows the correlation coefficient between the two vertical
displacement records for time lags near the values estimated by CDMG. The
correlation is maximized for a time lag of 1.96 sec for the Landers earthquake and
0.64 sec for the Big Bear earthquake. Figure 4.6 shows the vertical displacement
history for the free—field and the vertical displacement at the footing for Bent 8
with the specified time lag.
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Based on this correlation study, it is assumed that the Connector records lag
the free-field records by 1.96 sec for the Landers earthquake and 0.64 sec for the
Big Bear earthquake.

4.4 Support Motion for the Connector

The input motions for the Connector were recorded at four supports:
Abutments 1 and 17, and Bents 3 and 8. Figures 4.7 and 4.8 show the displace-
ment histories at the four supports in the global longitudinal direction (parallel
to chord) and global transverse direction (perpendicular to chord) for the two
earthquakes. The heavy line in Figs. 4.7 and 4.8 is the free-field displacement
histories in the same directions, accounting for the aforementioned time lags.

As can be seen from Figs. 4.7 to 4.8, the displacement histories are similar at
the four supports and the free-field location. There are several causes of the
differences between the five records:

* Different site response because of varying soil profile along the alignment.
* Random incoherence of the ground motion.
* Wave propagation across the site.

* Modification of the free-field motion by soil-structure interaction.

Although the overall input motion at the four locations is similar to the free-
field motion, the differences in the input motion must be understood in order to
assess the importance of multiple-support excitation of the Connector.

As a first step, Table 4.2 gives the maximum difference in support displace-
ment between pairs of the four supports for each earthquake. The maximum
relative displacement between the abutments is 3.04 inches and 2.58 inches for
the Landers and Big Bear earthquakes, respectively. The relative displacements
from Table 4.2 are plotted as a function of the distance between the supports in
Fig. 49. Generally, the relative displacements are larger for Landers than for Big
Bear, except for the short distance between Bents 3 and 8. These relative support
displacements are small for a 2540 ft long bridge; they should be easily accommo-
dated as pseudo-static displacements, primarily at the hinges. The relative
displacements are significantly less than a strain of 0.003 produced by a 50 degree
change of temperature in the superstructure.
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Table 4.2. Maximum Relative Horizontal Displacement

Between Four Supports

Relative displacements (in inches) for
Landers earthquake above the diagonal.

Abut 1 Bent 3 Bent 8 Abut 17

Abut 1 0.57 218 3.04
Bent 3 2.15 2.53
Bent 8 1.69 1.67
Abut 17 2.58 2.18
Relative displacements (in inches) for
Big Bear earthquake below the diagonal.
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Figure 49  Maximum Relative Displacement Between Supports as a

Function of Distance Between Supports.
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4.5 Coherency of the Free—Field and Support Acceleration

The horizontal ground motion at the free—field location and the four sup-
ports of the structure are somewhat different, as shown in Figs. 4.7 and 4.8. The
coherency of two ground motions is one way of characterizing the variation of
ground motion. Although some of the difference in motion is due to soil-
structure interaction effects, it is useful to compute the coherency between the
Bent 8 support motion and the support motion at the other three supports.

The modulus of the coherency function is computed by the procedures
described in Section 3.3 using periodogram estimates of the power spectral
density functions for the free-field and support motions. Consistent with the
use of the coherency m ground motion studies, the function is presented as
|y(iw) instead of [y(iw)’, as defined in Eq. 3.9. A Bartlett window is used for the
tapering instead of the Kaiser window, as recommended by previous studies of
ground motion incoherence (Abrahamson, 1985; Hao, 1989).

Figures 4.10 and 4.11 plot the coherency functions between the gloabl
transverse input motion at Bent 8 with the global transverse input motion at
Abutment 1, Bent 3, and Abutment 17. The distance between Abut 1-Bent 8 is
1239 ft; Bent 3-Bent 8 is 969 ft; Abut 17-Bent 8 is 1017 ft.

For both earthquakes the input motion at Abutment 1 and Bent 3 is fairly
coherent with the Bent 8 motion up to a frequency of 2 Hz, with the exception of
several frequencies that are the vibration frequencies of the Connector. At these
frequencies, soil-structure interaction are significant and produce low coherence.
In contrast, the input motion at Abutment 17 is less coherent with the Bent 8
motion compared with the other support motions. One possible explanation for
the difference is that the site conditions at Abutment 17, on the northwest side of
the San Jacinto fault (and higher water table) are different than at the other
supports with recorded input motion on the southeastern side of the fault.

47



 Bent 3

oo YTV TR A T

MR M

F Abut 17 V

0 1 2 3 4 5
Frequency (Hz)

Figure 410 Coherency Function Between Bent 8 Global Transverse
Support Motion and Global Transverse Motion at Three
Supports for Landers Earthquake.

1.0
T it am
§os : V

C Abut 1

Y S—

1.0
. : M~V “\/"\ f VV vV
605 F
8 Bent 3

0.0 b

1.0 [ VW\I‘VV\/ v W\r"v
8 F Abut 17

O.o " e 4 e A I 2 2 " 2 e

0 1 2 3 4 5

Frequency (Hz)

Figure 411 Coherency Function Between Bent 8 Global Transverse
Support Motion and Global Transverse Motion at Three
Supports for Big Bear Earthquake.

48




In general, the input motion for the Big Bear earthquake is more coherent
compared with the Landers earthquake. This observation may be due to the fact
that the Big Bear earthquake was smaller than the Landers earthquake and at a
shorter epicentral distance. The Big Bear earthquake had a smaller extended
source effect than Landers (which involved five fault segments), and the propa-
gation effects were less at the shorter epicentral distance.

These coherency functions, although they include soil-structure interaction
effects, are comparable with coherency functions computed from recorded
motion at the SMART 1 array in Taiwan (Abrahamson, 1988). For several of the
events recorded at the array, the coherency for separation distances of about 300
m (similar to the distances in Figs. 4.10 and 4.11) is greater than 0.95 for 1 Hz, and
greater than 0.8 for 2 Hz.

Considering Fig. 4.9 for the pseudo-static effects of the input motion, and
Figs. 4.10 and 4.11 for the coherency effects for frequencies less than 2 Hz, it may
be concluded that the spatial variation of the input motion is not significant
within the range of important vibration frequencies for the Connector.
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Chapter 5

EVALUATION OF EARTHQUAKE RESPONSE

5.1 introduction

The evaluation of the earthquake response of the Connector involves
identification of the vibration characteristics by: (i) examination of the recorded
acceleration and processed displacement records to ascertain overall characteristics
of the earthquake response; (ii) nonparametric evaluation using spectral analysis to
obtain the transmissibility functions for identifying the vibration periods and modes
of the structure; and (iii) parametric evaluation to determine vibration periods and
damping ratios.

5.2 Recorded Displacement Response

The processed records allow evaluation of the structural displacements relative
to the supports and opening—closing displacements of the hinges. There are some
limitations to computing relative displacements from acceleration records. The sub-
traction introduces error, in addition to the noise in the displacement records.
However, the large signal-to-noise ratio for the digital records means that the
difference in displacements is fairly accurate. Secondly, the baseline correction in
the processing obscures any residual displacement.

5.2.1 Response of Bent 8 and Bent 3

Bent 8, near the center of the Connector, is instrumented to provide detailed
response in the transverse and longitudinal directions. Figure 2.7 shows the
instrumentation for Bent 8. The transverse deformation of the column at Bent 8 can
be computed because the vertical channels on the pile cap give the base rotation.
The displacement at the top of the column due to pile cap rotation and deformation
of the column is computed from:
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8.0ft
Ucol = U0 '(41 0 ft). (u13 -u12) —Uy

s =[ 26107 (s
base =| S04t ) VBT

Udef = Ucol — Upgse

where u,, is the displacement at the top of the column relative to the pile cap,
considering the rotation of the box girder; uy,,, is the displacement at the top due to
rotation of the pile cap; u,, is the deformation of the column; and y; is the
processed displacement record for channel i. The 46.10 ft column length for Bent 8
is from the as-built drawings.

Figure 5.1 shows the displacements at the top of the Bent 8 column for the
Landers and Big Bear earthquakes. The dotted line is the displacement at the top
due to the pile cap rotation, u,,, and the solid line is the displacement at the top
due to column deformation and pile cap rotation, u.,. The rotation of the pile cap is
in-phase with the transverse displacement at the top of the column. The difference
in the two histories is the deformation of the column, which is a maximum of 4.76 in.
for Landers (drift=0.86%), and 2.98 in. for Big Bear (drift=0.54%). As described in the
response evaluation of the Connector in Chapter 6, the deformation of the Bent 8
column in the Landers earthquake is large enough to begin yielding the longitudinal
reinforcement.

The pile cap rotation produces displacements at the top of the column as a result
of soil-structure interaction: 0.63 in. for Landers and 0.47 in. for Big Bear. Rotational
flexibility due to soil-structure interaction affects the stiffness and hence vibration
period of a single degree—of-freedom system in the following manner:

2 (5.1)

where T and T are the flexible base and fixed base vibration periods, respectively; &
and k, are the fixed base stiffness of the structure and rotational stiffness of the
foundation, respectively; and L is the height of the structure. Evaluating Eq. 5.1
using the maximum values for the transverse displacements of Bent 8, the effect of
foundation flexibility on the period is:

= |14 Ybase.max
Udef max

~ |~
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For Landers, the stiffness ratio is 0.13 and the period ratio is 1.06. For Big Bear, the
stiffness ratio is 0.16 and the period ratio is 1.08. It is difficult to estimate the
stiffness of the structure to within about 15 percent, but these soil-structure interac-
tion effects are at about the limit for which they should be considered.
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Figure5.1  Transverse Displacement at Top of Bent 8 Column.

The trajectory of horizontal motion of the deck at Bent 8 and Bent 3 relative to
the respective pile caps gives an overall picture of the response of the Connector at
the two locations. The plots in Figs. 5.2 confirm that the response is predominantly
in the transverse direction for the Landers earthquake. This results from the
stronger input motion in the transverse direction, as described in Section 4.4, and the
transverse components in the lower vibration modes. The trajectories in Fig. 5.3 for
the Big Bear earthquake also show predominant transverse motion, but the dis-
placement at the taller Bent 3 (column length is 51.40 ft) is greater than the displace-
ment at Bent 8.
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5.2.2 Horizontal Hinge Response

Intermediate hinges are provided in bridges for releasing strain due to
temperature changes and post-tensioning during construction. The hinges allow
relative longitudinal displacement, but transverse displacement is restricted by shear
keys. The opening and closing of the hinges during an earthquake is a major
concern because of the possibility of unseating. The instrumentation allows
determination of relative hinge displacements on the inside edge of the

superstructure. It is not possible to determine the displacements at the outside edge
or rotations of the hinges about a vertical axis.

Figures 5.4 and 5.5 show the acceleration records in the longitudinal direction
across Hinge 7 (near Bent 8) for the two earthquakes. The acceleration spikes result
from impact of the adjacent frames, as the hinge pounds closed. More pounding is
evident for Landers than for Big Bear. Some of the spikes at a channel are caused by
pounding at Hinge 3 and axial wave propagation through the box girder. The
acceleration records at Abutments 1 and 17 also have some acceleration spikes,
which are caused by wave propagation from pounding at adjacent hinges (Hinge 3
and Hinge 13, respectively). A recent study of hinge pounding in the Landers
earthquake using wave propagation analysis is described by Malhotra et al. (1994).

The longitudinal opening-closing displacements at Hinge 7 and Hinge 11
(inside edge of the deck) are shown in Figs. 5.6 and 5.7 for the two earthquakes. The
maximum hinge displacements are given in Table 5.1. Hinge 7 has the largest
opening: 1.41 in. for Landers and 1.70 in. for Big Bear. The closing of the hinge
(negative displacement) is harder to discern. From Fig. 5.6, Hinge 7 closes at most
about 1/2-inch during the first 25 sec of the Landers earthquake. Later the maxi-
mum closing displacement is about one inch, indicating that polystyrene filler
material (nominally 2 in. thick) in the hinge crushed during the strong motion
response. The opening at Hinge 11 is less than the opening of Hinge 7, and the
maximum closing displacement is 0.86 in. Several of the closing excursions show
the high frequency oscillation associated with pounding.

Comparing Fig. 5.7 with Fig. 5.6, Hinge 7 opens more in the Big Bear earthquake
than in Landers. The maximum closing displacement is nearly 1.5 in., possibly
indicating accumulated crushing of filler in the hinge in the second earthquake. The
response of Hinge 11 is similar for the two earthquakes.

As described in Section 2.2 the barrier on the inside edge of the deck near Hinge
3 spalled and exposed reinforcing bars. The seat of Hinge 3 had three hairline cracks
radiating from the reentrant corner. Channel 10 near Hinge 3 had four major peaks
of acceleration near 0.45 g in the Landers earthquake, which is characteristic of the
type of pounding that can damage the hinges.
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Figure 5.5  Longitudinal Acceleration of Deck at Hinge 7 in Big Bear
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Each hinge has a shear key to restrict relative transverse motion of adjacent
frames. The shear keys have a nominal 1/4-inch gap, with polystyrene filler, which
presumably allows that much relative transverse displacement at the hinges. The
instrumentation provides the relative transverse motion at all five hinges in the
Connector. The relative transverse displacements for Hinge 3 and Hinge 7 are
shown in Figs. 5.8 and 5.9 for the two earthquakes.

The transverse displacement for Hinge 3 is typical of the displacements for
Hinges 9, 11, and 13. The relative motion shows high frequency vibration during the
first eight seconds, with a maximum displacement of about 1/4-inch. Subsequently,
the frequency reduces to about 1 Hz with larger displacements. The maximum
transverse displacement at Hinge 3 is 0.35 in. for Landers and 0.41 in. for Big Bear.
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Table 5.1. Maximum Longitudinal Opening and Closing Displacements
of Hinges (Inside Edge of Box Girder)

Maximum Displacement (in.)

Earthquake = Hinge Number Opening Closing
Landers H7 1.41 1.03
Landers H11 0.67 0.86
Big Bear H7 1.70 1.44
Big Bear H11 0.56 0.63

As shown by Figs. 5.8 and 5.9, the relative transverse displacement of Hinge 7 is
substantially different than Hinge 3. There is little displacement for the first 18 sec in
Landers and the first 10 sec in Big Bear. However, larger displacements then occur
at a frequency of approximately 0.5 Hz. The maximum relative displacement is 0.47
in. for Landers and 0.61 in. for Big Bear.

Although the condition of the shear keys before the earthquakes, twenty years
after construction, and the condition after the earthquakes is not known, some
conjecture can be made based on the recorded response. During the early parts of
the Landers earthquake, when the motion is small, the keys limit the transverse
displacement to the nominal gap in some hinges (such as Hinge 3); and friction and
perhaps excess filler or debris nearly eliminate all transverse displacement in the
other hinges (such as Hinge 7). As the motion increases, local crushing of concrete at
the key allows larger transverse displacements. When the Big Bear earthquake
occurs, the shear keys have been “loosened-up” by the earlier Landers earthquake,
exhibiting more relative transverse displacement. The shear keys are effective in
limiting the relative displacement to a maximum of 0.61 in. compared with a
transverse displacement of nearby Bent 8 of over 5 in. The maximum relative
transverse displacements, however, are greater than the nominal 1/4-inch gap,
indicating the shear keys likely suffered minor local damage.

523 Vertical Hinge Response

One concern about the seismic performance of hinges is the possibility that
torsion of the box girder may cause vertical lift-off and pounding on the elastomeric
bearing pads (Williams and Godden, 1976). Figures 5.10 and 5.11 show the vertical
displacement at the inside and outside edges of Hinge 7. The relative vertical
displacement at the outside edge is less than 0.20 in. opening and 0.27 in. closing for
both earthquakes, and it is most likely caused by deformation of the pads.
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In contrast, the relative vertical displacements at the inside edge are larger. The
maximum relative opening is 0.34 in. and 0.39 in. for Landers and Big Bear,
respectively. The maximum relative closing is 0.55 in. and 0.36 in. for Landers and
Big Bear, respectively. It seems likely that slight lift—off and pounding occurred on
the inside edge of the Hinge 7, with rotation about the outside edge. Caltrans
personnel noted possible settlement at the hinges after the earthquakes. The damage
to the elastomeric bearing pads may have been caused by the response on the inside
edge of the bridge indicated in Figs. 5.10 and 5.11.

In the Northridge earthquake the unprocessed acceleration records for the
Connector show that the vertical motion at Hinge 7 may have been different
(CSMIP, 1994). The records for channels 15 and 16 on the outside edge of the box
girder have acceleration spikes, indicating vertical lift-off and impact on the outside
edge. There is out-of-phase motion between the two vertical channels on the inside
edge also, as in the Landers and Big Bear earthquakes.

5.3 Spectral Analysis

The spectral analysis techniques described in Section 3.3 are used to estimate the
vibration characteristics of the Connector. Although numerical results are obtained,
inherent difficulties with this type of nonparametric evaluation mean that the results
can only be considered qualitative.

5.3.1 Transmissibility Functions

The transmissibility functions are computed from an input acceleration in one
direction relative to the output acceleration at various locations in the
superstructure. As shown in Section 4.4, the predominant input motion is in the
transverse direction. Two transverse input motions are used to compute
transmissibility functions: the support acceleration for Bent 8 (Channel 24), and the
free-field ground acceleration (Channel 3). The free-field ground motion is
modified to account for the time lag with respect to the structure records. Based on
the information in Sections 5.3 and 5.4, the input motions are assumed to be uniform
for the frequency range of interest (0 to 2 Hz).
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The output motions are the recorded accelerations at various channels on the
superstructure in the transverse and longitudinal directions. For each input-output
pair, three quantities are plotted as a function of frequency:

» Absolute value of the transmissibility function.
* The phase angle, in degrees, of the transmissibility function.
¢ The coherence function for the transmissibility estimate.

Table 5.2 lists the cases for which the transmissibility functions are computed.

Table 5.2. Transmissibility Functions from Spectral Analysis

Figure
Output Motion of Showing
Input Motion Superstructure  Earthquake Functions

Bent 8, Transverse (Channel 24) Transverse Landers Fig.5.12
Bent 8, Transverse (Channel 24) Longitudinal Landers Fig. 5.13
Bent 8, Transverse (Channel 24) Transverse Big Bear Fig. 5.14
Bent 8, Transverse (Channel 24)  Longitudinal Big Bear Fig.5.15
Free-Field (Channel 3) Transverse Landers Fig. 5.16
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Figure 5.16 Transmissibility Functions Between Free-Field
Acceleration (Channel 3) and Transverse Accelerations in
Superstructure for Landers Earthquake (continued from
previous page).
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5.3.2 Vibration Properties

The transmissibility functions obtained from spectral analysis identify the
frequencies of excitation with high amplification. These are the resonant fre-
quencies of the structure, each of which corresponds to a vibration mode. Since
the differences between phase angles for the channels at a resonant frequency are
not exactly 0° or 180° (indicating non-proportional damping in the structure),
the characterization of the vibration modes is qualitative.

From Figs. 5.12 and 5.13 for the Landers earthquake, the fundamental
vibration mode has a frequency of 0.664 Hz, or a period 1.51 sec. Comparing the
relative magnitudes and phase angle of the peaks at the fundamental frequency,
the vibration mode is predominantly transverse and symmetric. The amplitude
of the mode is largest for Channels 7, 11 and 19, between Bents 3 and 8. The

channels at the abutments have very little response at the fundamental
frequency.

The second mode in Landers has a frequency of 0.840 Hz (period of 1.19 sec)
and has a substantially larger amplification than the fundamental mode. The
predominant response is also transverse and it appears to be the first antisym-
metric mode. There is fairly large longitudinal motion at Channels 29 and 33,
about one-half the transverse motion at Bent 11.

The third vibration mode has a frequency of 0.977 Hz (period of 1.02 sec).
From the phase angles, it is antisymmetric also, although there is substantial
longitudinal motion. The third mode also has relatively large peaks at the
transverse abutment channels.

Yet higher modes are associated with peaks at 1.270 Hz (0.787 sec), 1.543 Hz
(0.648 sec), and 1.836 Hz (0.545 sec).

Figs 5.14 and 5.15 show the transmissibility functions for the Connector in
the Big Bear earthquake. Although several channels have a peak at the low
frequency of 0.366 Hz, the coherence is small, so this peak can be rejected. The
fundamental mode of the structure in the Big Bear earthquake has a frequency of
0.562 Hz (period of 1.78 sec), with most of the motion transverse at Channel 11
near the tall Bent 3. The peaks have a wider bandwidth compared with the
corresponding peaks for the Landers earthquake, indicating a larger amount of
damping.

The second mode in the Big Bear earthquake has a small peak at 0.806 Hz
(1.24 sec), which is closely spaced to the third mode at 0.879 Hz (1.14 sec). The
third mode has larger amplification than the second mode. The fourth mode
has a frequency of 1.05 Hz (0.952 sec). The third and fourth modes in Big Bear
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correspond with the second and third modes in Landers, shifted to a slightly
higher frequency because of the extra mode. For the Big Bear earthquake, the

peaks at higher frequency are broader and less distinct than for the Landers
earthquake.

Finally, Fig. 5.16 shows the transmissibility functions for the Connector in
the Landers earthquake using the free—field ground motion (Channel 3) as the
input. The characteristics of the peaks in Fig. 5.16 (using free—field motion) are
similar to that of Fig. 5.12 (using Bent 8 support motion). There are small shifts
in frequencies, but these are mostly associated with the support flexibility due to
soil-structure interaction.

5.4 Parametric Evaluation

The parametric evaluation techniques summarized in Section 3.4 are used to
identify the vibration frequencies. A single input-single output model is used
with the Bent 8 transverse support acceleration (Channel 24) and various trans-
verse acceleration records from the superstructure. Model verification to
determine the best fit gave polynomials of order 50 (sufficient for representing 25
modes) with no time delay between the input and output. Table 5.3 summarizes
the results of the identification along with the vibration periods from spectral
analysis.

The periods from the spectral analysis and parametric identification are
similar, with the exception of the second mode for the Landers earthquake. The
spectral analysis gives a mode with a period of 1.19 sec, whereas the parametric
identification gives a mode with a period of 1.30 sec. It appears the latter
procedure identifies a broader range of periods with a peak at 1.30 sec than the
former, because of the large damping of 11 percent. It is possible that there are
two closely spaced modes in this period range, which are identified differently by
the two methods.

5.5 Summary of Vibration Properties

The most significant finding of the identification of the vibration properties
is the difference in the fundamental mode period of the Connector in the
Landers and Big Bear earthquakes. The fundamental period lengthens from 1.56
sec in Landers to 1.75 sec in Big Bear. The change in period implies a 25 percent
reduction in the stiffness of the bridge. Although there is little change in the
second mode, the periods of the third and fourth mode are longer in the Big Bear
earthquake. The other noticeable difference between the two earthquakes is that
the damping ratio increases in the first and third mode, although it decreases in
the second mode.
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The lengthening of the vibration periods and generally increased damping
indicate that the bridge “softened” in the Landers earthquake. Since the forces in
the columns were less than the yield strength, it is unlikely that the softening
was due to structural damage although cracking of the concrete columns and
slippage of the steel jackets is possible. A more likely explanation is that the soil
and pile foundations loosened in the Landers earthquake due to compaction
and/or gapping of soil surrounding the piles, or changes in the groundwater
between the two earthquakes. This soil behavior provided a larger compliance
in the Big Bear earthquake. Another possibility is that the crushing of filler
material in the hinges during the Landers earthquake allowed larger
displacements between adjacent frames in the Big Bear earthquake (as evidenced
by larger longitudinal hinge opening), producing a more flexible bridge. Once
the processed records from the 1994 Northridge earthquake are available (CSMIP,
1994), it would be interesting to examine the vibration properties for comparison
with the properties from the two 1992 earthquakes.

Table 5.3. Identified Vibration Periods and Damping Ratios

Landers Earthquake Big Bear Earthquake
Spectral Parametric Spectral Parametric

Analysis Identification Analysis Identification
Mode  Period Period Damping Period Period  Damping
(sec) (sec) Ratio (%) (sec) (sec) Ratio (%)

1 1.51 1.56 3.1 1.78 1.75 8.2

2 1.19 1.30 11.0 1.24 1.29 2.1

3 1.02 0.98 5.0 1.14 1.09 15.0

4 0.79 0.83 7.0 0.95 0.96 7.0
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Chapter 6
STRUCTURAL MODELING AND ANALYSIS

6.1 introduction

Structural modeling and earthquake analysis are a central step in the design of
new bridges and evaluation of existing bridges. There is always the question about
how well the models can predict the earthquake response of a bridge. An important
objective of the current study is to model the Northwest Connector and compute its
response to the Landers and Big Bear earthquakes. The approach is to apply model-
ing and dynamic analysis procedures typically used for bridge design. The
computed responses are compared with the recorded responses from the earth-
quakes to assess the effectiveness of the analysis methods.

Since the structural components of the Connector did not experience inelastic
deformations in the earthquakes, it is appropriate to use linear elastic models for the
components. The opening and closing of the intermediate hinges, however, is
nonlinear and that behavior is represented in the model. Although the behavior of
the foundation and soils is nonlinear, as evidenced by the change in soil-structure
interaction effects, the foundations are modeled as linearized springs.

The dynamic analyses are performed using the computer program SADSAP
(Wilson, 1992). The program includes standard linear frame elements and nonlinear
compression-only elements and tension-only elements. A model of the intermedi-
ate hinges is constructed using the nonlinear elements.

6.2 Model of the Connector

The three-dimensional model of the Connector consists of 353 frame elements
and 20 nonlinear elements. The complete model, shown in Fig. 6.1, has
approximately 1750 degrees—of-freedom.



Abut 1

Hinge 9

Hinge 11

Bent 11

Hinge 13 Bent 12

Bent 13

Abut 17 Bent 14

Bent 16 Bent 15

Figure6.1 = Model of Northwest Connector.

The frame elements are located at the elastic centroid of the members using the
gross section properties, modified for assumptions about effective width, cracking,
and level of deformation. The assembly of the elements reflects the joint size, eccen-
tricities, and offsets from the member centerlines. The transverse superstructure
elements, shown in Fig. 6.1, are massless and rigid elements that serve two purposes:
modeling the diaphragms at the intermediate hinges, as described below; and for
visualizing the twisting of the box girder in the plots of displaced configuration.
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Since traffic was light at the time of the earthquakes, the mass of the superstructure
is'based only on the calculated dead load; mass due to live load is not included.

6.2.1 Superstructure

The 2540 ft long concrete box girder superstructure consists of six frames. The
superelevation is neglected in determining the section properties of the box girder.
The assumed concrete properties for the superstructure are listed in Table 6.1. The
28-day compressive strength is based on the allowable stresses specified in the
drawings, and the strength is increased by 20 percent to account for overstrength.
The modulus of elasticity is based on standard expressions (ACI, 1989) using the
assumed f,, and no reduction is made for creep. The unit weight of concrete is
assumed to be 150 1b/{t3.

The box girders for the conventionally reinforced and prestressed frames are
similar except the latter has thicker girders. For the conventionally reinforced spans,
the gross moments of inertia are multiplied by 0.75 to account for cracking. There is
no reduction from the gross section for the prestressed spans. Shear deformation in
the vertical and transverse direction is included in the model.

For each span, two section properties for the box girder are used. Within one-
quarter span of the bent, section properties for bending about the transverse axis and
torsion are reduced to account for the smaller effective width near the bent cap for
transfer of moments to the column. The effective width near the bent cap is the
center 3D of the box girder, where D=8 ft is the transverse width of the column. The
middle one-half of the spans has no reduction for effective width. Table 6.2
summarizes the section properties for the model of the box girder.

Each span of the box girder is modeled by four or five elements. The
translational mass is lumped at the nodes. The mass coefficients for the horizontal
DOF are lumped at the nodes on the centerline. To account for the rotational mass
moment of inertia about the longitudinal axis of the box girder (twisting), 40 percent
of the vertical mass is lumped at the ends of the transverse elements, and the
remainder is lumped at the centerline DOF.
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Table 6.1. Concrete Properties for Box Girder Superstructure
Design f. Assumed f. Assumed E

Frame Section Type (psi) (psi) (ksi)
1 Abut1-H3  Reinforced 3000 3600 3420
2 H3-H7 Prestressed 4300 5160 4090
3 H7-H9 Reinforced 3000 3600 3420
4 H9-H11 Prestressed 3500 4200 3690
5 H11-Abut 17 Reinforced 3000 3600 3420

Table 6.2. Section Properties for Model of Box Girder Superstructure

Torsional
Rectangular Moments Moment of

Effective of Inertia2 Inertia

Type Width I, (ft?) I35 (ft4) J (ft4)

Prestressed Full 683 7930 2314

Prestressed Partial 447 7930 1252

Reinforced Full 491 5450 1719

Reinforced Partial 323 5450 929
2I5,, I;3= moments of inertia about transverse axis and vertical axis of box

girder, respectively.

6.2.2 Intermediate Hinges

The nonlinear behavior of the hinges is modeled using the scheme illustrated in
Fig. 6.2. The hinge model represents opening—closing with an initial gap, tension-
only restrainers with initial slack, and the elastomeric bearing pads. The relative
transverse displacement (radial to the alignment) is constrained to zero, regardless
of the hinge skew, because the shear keys only allow relative longitudinal displace-
ment (tangential to alignment). In addition, relative vertical displacement and
twisting at the hinge is constrained to zero. Consequently, the small transverse
displacements and vertical displacements of the hinges in the earthquakes, as shown
in Section 5.2, are not represented in the model.
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Constrained Nodes
y=0, z=0
0,=0

Constrained Nodes
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c) Linear Compression Model
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[re—— ﬂgld diaphragm restrainers

O—W—O bearing 0—}—0 compression-only local coordinate

O——0 festrainer for gap t_{, system (x=tangent,
i X y=radial, z=vertical)

Figure 6.2

Plan View of Models for an Intermediate Hinge.
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In the model of Fig. 6.2(a), the diaphragms are represented as rigid elements
oriented with the skew of the hinge. The width of the rigid diaphragm elements is
the width of the box girder, 41 ft, and they are separated longitudinally 0.1 ft,
although the latter number is not important in the model. Compression-only
elements are located at the edges of the diaphragms near the two outer girders.
Tension-only elements for the restrainers are located at the centroids of the
restraining force for the three possible modes of hinge opening. Linear spring
elements are located at the centroids of longitudinal bearing force. The
compression—only and tension-only elements and linear springs are aligned in the
longitudinal direction regardless of the hinge skew.

The stiffness of the tension—only elements for the restrainer cables is based on
the specified cross—sectional area of the cables and a modulus of elasticity of 10,000
ksi. Since specifications for the elastomeric bearing pads were not available, the
stiffness of the pads is based on the nominal dimensions in the drawings and a shear
modulus of 150 psi for the elastomeric material.

The compression—only gap elements have a spring that penalizes closing of the
gap. The springs are assigned a stiffness approximately two orders of magnitude
greater than the stiffness of the restrainer cables. Although this is a relatively low
stiffness, compared with the axial stiffness of the box girder, it provides a compro-
mise between penalizing penetration upon closing of the gap and convergence of the
solution. The penetration is as much as 20 percent of the specified closing displace-
ment, as will be shown later.

There is no information about the condition of the hinges before the two earth-
quakes. Based on the observations of hinge displacement in Section 5.2, the hinges
are assumed to initially open 1.5 in. prior to the Landers and Big Bear earthquakes.
The restrainer cables are assumed to have an initial slack of 0.5 in. prior to each
earthquake. The sensitivity of the bridge response to these assumptions was not
investigated.

6.2.3 Columns

Each column is modeled with three frame elements. Rigid offsets at the top
represent the eccentricity of the column—cap beam connection. The connection with
the bent cap is rigid, except for Bents 4 and 7 which have moment releases about the
weak column axis. The distributed mass of the columns is included in the model.

The length of each column is from the soffit to the pile cap, according to the
drawings, except for bents with deep overburden (2, 10, 11, and 16). At those bents,
the base nodes are located halfway between the pile cap and overburden surface to
represent approximately the point of fixity. No attempt was made to locate points of
fixity for the columns beyond these assumptions.
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The flexural stiffness of the retrofitted columns is affected by the level of
deformation and the presence of the steel jackets. One of the parameters in the
model is the factor by which the flexural rigidity (EI) based on gross moments of
inertia is modified to represent the stiffness of the columns. The modification factor
is selected as the primary parameter to match the computed vibration modes with
the modes identified from the earthquake response records.

The steel jackets, however, increase the stiffness of the section, although that is
not their intent. Based on the test data for steel jacketed columns (Priestley, Seible et
al., 1992), the moments of inertia for columns with F-jacket and P-jacket retrofits are
increased 15 percent and 10 percent, respectively.

The torsional moment of inertia for the columns is the gross section multiplied
by a factor of 0.25 and 0.12 for F-jacket and P jacket columns, respectively, to
account for cracking. The gross section properties are used for axial and shear
deformation. Table 6.3 gives the gross section properties for the columns without
reduction factors.

Table 6.3. Gross Section Properties for Model of Columns

Rectangular Moments Torsional Moment
of Inertia? of Inertia
Condition Iy, (ft4) I33 (ft4) J (ft?)
Original (Gross) 87.6 179 267
Full Jacket Retrofit 101 206 267
Partial Jacket Retrofit 96.3 197 267

21,,, I3 = moments of inertia about weak axis (bending in longitudinal
direction) and strong axis (bending in transverse direction).

6.2.4 Foundations

The stiffness of the pile foundations is approximated by translational and
rotational springs at the pile cap. The translational spring stiffness is based on a
lateral stiffness of 65 kip/in per pile for the firm sandy soils at the site. The stiffness
is attributed to all the original and retrofit piles for a foundation.

The rotational stiffness coefficient for the pile foundations are obtained from the
foundation rocking observed at Bent 8, as described in Section 5.2.1. Assuming a
transverse stiffness coefficient for the column of 3E/ /2, the rotational stiffness
coefficient is 4x107 kip-ft for Landers and 2x107 kip-ft for Big Bear. These springs
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were applied to all the foundations for rocking about the transverse and longitudinal
directions.

The translational and rotational stiffness coefficients were verified by comparing
the values computed using methods by Novak (Prakash and Sharma, 1990). The
calculations for pin-headed piles use a small strain shear velocity of 1580 ft/sec for
the alluvial sands (Jackura, 1991). The stiffness coefficients used in the model are
about 50 percent of the calculated value. The stiffness coefficients were accepted
because the soil strains would be larger in an earthquake and pile group effects
would reduce the effective stiffness. It is recognized, however, that the foundation
modeling is approximate.

The translational and rotational mass of the pile caps are lumped at the node for
each foundation. Material damping and radiation damping due to soil-structure
interaction are neglected.

6.2.5 Abutments

The stiffness coefficients for the diaphragm abutments are based on standard
modeling techniques (Caltrans, 1990). A linear model is used for the abutments,
since the records did not indicate nonlinear behavior. The longitudinal stiffness is
200 kip/in per foot width of backwall plus the stiffness of the piles, assumed to be 40
kip/in per pile. The soil stiffness is reduced by one-half to recognize it is only
effective in compression. The transverse stiffness of the abutments is due to the
piles and partial resistance of the wingwalls. The three rotational degrees—of-
freedom at the abutments are assumed to be fixed.

For Abutment 1, the longitudinal and transverse stiffness coefficients are 53,500
kip/ft and 42,720 kip/ft, respectively. For Abutment 17, the longitudinal and
transverse stiffness coefficients are 52,560 kip/ft and 41,760 kip/ft, respectively. The
vertical displacement and rotation about the three axes is constrained to zero at the
abutments.

6.2.6 Damping

Energy dissipation occurs in the superstructure, foundations, and soil. Since
energy dissipation in the model of the foundations is neglected, damping for the
structure should account for all dissipation mechanisms. For design it is typical to
assume 5 percent modal damping.

Based on the identified damping ratios in Table 5.3, 3 percent damping for all
modes is used for modeling the response of the Connector in the Landers
earthquake and 5 percent for all modes in the Big Bear earthquake. More elaborate



damping models could have been used, but the lack of information made it difficult
to justify additional assumptions about energy dissipation.

6.2.7 Design Models

A nonlinear model of a bridge, including opening and closing of the intermedi-
ate hinges, is not normally used in bridge design. To account for this nonlinear
mechanism, it is common to bound the response by two linear models: the tension
model and the compression model.

The tension model is intended to capture the response of the bridge when all the
hinges are open. At the hinges, there is no longitudinal restraint except that
provided by the cable restrainers. The restrainers are represented by a linear truss
element located along the centerline of the box girder. This is done to avoid the
restrainer elements from developing a moment due to relative rotation of the hinge
about the vertical axis. The linear elements for the elastomeric bearing pads are
included. The tension model of a hinge is shown in Fig. 6.2(b).

The compression model represents the response of the bridge when all the
hinges are closed. In addition to the constraints shown for the tension model, the
relative longitudinal displacements are constrained to be zero. The linear elements
for the elastomeric bearing pads are included. The compression model of a hinge is
shown in Fig. 6.2(c).

6.2.8 Input Motion

Since soil-structure interaction effects are modeled by the foundation springs,
the recorded free-field motion is used as the input motion. The three components of
free-field ground motion are used: 90°, 180°, and vertical.

6.3 Vibration Properties

The vibration modes identified in Table 5.3 average the nonlinear hinge opening
mechanism over the duration of the strong motion. For calibrating the models, the
identified properties are compared with the vibration properties of the open hinge
model. Although the model vibration modes could have been calibrated with the
compression (closed joint model), calibration with the open joint model is more
appropriate because of the hinge opening observed in the earthquakes. Table 6.4
compares the vibration periods for the lower modes.

The best-fit open joint model for Landers is obtained by multiplying the gross EI
(including effect of steel jackets) from Tables 6.1 and 6.3 by a factor of 1.05. The best
fit model for Big Bear is obtained by multiplying the gross EI by a factor of 0.85. For
the Big Bear model, the rotational foundation springs are reduced by one-half, in
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accordance with the observation in Section 5.2.1, to account for the increased
flexibility of the foundations.

The lower vibration modes for the open joint model calibrated for the Landers
earthquake are plotted in Fig. 6.3. The mode shapes for the calibrated Big Bear
model] are similar to the modes for the Landers model.

Table 6.4. Comparison of Identified® and Computed Vibration Periods
(in seconds) for Open Joint Model

Model Mode Landers Earthquake Big Bear
No. Type Identified Model Identified Model

1 1st symmetric 1.56 1.56 1.75 1.74
1.22° 1.33°

2 1st antisymmetric 1.30 1.18° 1.31

3 2nd symmetric 1.12 1.29 1.23

4 2nd antisymmetric 0.98 0.90 1.09 0.98
0.81° 0.87°
0.80° 0.85°

5 composite 0.83 0.69 0.96 0.75

Parametrically identified periods from Table 5.3.

PMode of individual frames in longitudinal direction; used for representing hinge
displacements in model.

“The model period of 1.18 sec compares well with the period of 1.19 sec identified from spectral
analysis.

The identified and model modes are matched by examining the type of model
mode with the characterization of the mode from spectral analysis, as described in
Section 5.3.2. The open joint model modes consisting of longitudinal motion of
individual frames are not included in the comparison; only the transverse model
modes are included. This is because the longitudinal modes of the individul frames
are used in the analysis to represent the hinge displacements. Generally the modes
and periods match well, although there is some judgment in interpreting the second
and third modes. As shown in Table 5.3 for the Landers earthquake, the parameteric
identification gives a second mode period of 1.30 sec, whereas the spectral analysis
gives a period of 1.19 sec. The open joint model matches well with the period from
spectral identification. For the Big Bear earthquake, the higher modes in the model
are somewhat smaller than the corresponding identified periods, indicating that the
model may be too stiff. For comparison with the open joint model, the vibration
modes of the closed joint (compression) model are shown in Figure 6.4.



6.4 Response Comparison

The earthquake response comparison uses the model with the column
properties determined from calibration of vibration properties and the nonlinear
hinge model. The nonlinear solution procedure uses Ritz vectors that are generated
from the open joint model, neglecting the nonlinear elements (Wilson, 1992). Hence,
the Ritz vectors are essentially generated from the tension model since the linear
cable restrainer elements have a small effect on the vibration properties. In addition
to the inertia forces, the Ritz vector generation includes forces applied at the gap
elements so that the vectors are rich in hinge displacements. The response
computation uses 25 Ritz vectors, which represents 95 percent of the total mass of
the bridge in the horizontal directions and 77 percent of the total mass in the vertical
direction.

The load cases considered in the response evaluation are dead load and
earthquake ground motion. The time history computation for the response to the
free—field earthquake ground motion is performed with a time step of 0.02 seconds.

The recorded total displacements for 29 channels are compared with total
displacements computed from the model. Five channels (8, 20, 26, 30, and 32) are
not shown since the response comparison is very similar to adjacent channels.
Figure 6.5 presents the comparison for the Landers earthquake, and Fig. 6.6 gives the
comparison for the Big Bear earthquake. The location of the instruments is again
given in Fig. 2.7.

Support Motion

The translational support motion at Abutment 1 (channels 1 and 3), Bent 3
(channels 4 and 6), Bent 8 (channels 22 and 24), and Abutment 17 (channels 34 and
36) is represented very well by the model. This indicates that the selection of springs
to represent the abutments and translational stiffness of the pile foundations is
acceptable. The vertical flexibility of the abutments is neglected in the model. Yet,
the vertical motion at the abutments (channels 2 and 35) is represented well.

The assumption of uniform free—field input is accurate, as can be seen by the
model’s ability to represent support motion, including soil-structure interaction
effects, recorded in the two earthquakes.

Transverse Response

Much of the transverse response of the Connector is captured in the model,
although there are some differences between the recorded and computed total
displacements. For channel 7, near Bent 3 and Hinge 3, the model has many of the
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peaks in the recorded response and the phase is very good, particularly for Landers.
However some of the recorded peaks are under estimated by the model.

Channel 11, in Span 5, again represents several of the peaks and phase well. The
phasing in channel 11 for Big Bear earthquake is slightly off, especially in the strong
motion segment of 15 to 25 seconds. This may indicate that the Big Bear model does
not represent the transverse modes of the span well, or nonlinear response changes
the characteristics of the bridge or foundation during the earthquake.

The phase of the model response compared with the recorded response is
excellent for channel 19, near Hinge 7 and Bent 8. Some of the peaks are under
estimated by the model, particularly in the strong motion response (30 to 35
‘seconds) in the Landers earthquake. The comparison is similar for channel 29, near
Hinge 11. The comparison of recorded and computed transverse displacement is
excellent for channel 25 (near Hinge 9) and channel 31 (Hinge 13). Overall, the Big
Bear models appears to be a little too stiff, since it is under estimating the recorded
displacements.

Longitudinal Response

The comparison of model and recorded displacements of the Connector is
excellent for channel 10 (Hinge 3), channel 18 (Hinge 7), and channel 28 (Hinge 11).
The comparison is not quite as good for channel 17 on the other side of Hinge 7 from
channel 18 in the Landers earthquake, although the overall phase and amplitude of
the longitudinal displacement is excellent after the strong motion vibration past 35
seconds.

Vertical Response

The vertical response of the bridge in the two earthquakes is captured
reasonably well by the model. For example, the close comparison for channel 9
shows that the rotation of the cap beam for Bent 7 is represented in the model. The
rotation of the box girder at Bent 8 (channels 12 and 13) is slightly under estimated
by the model.



Tl =1.56 T; =1.18 T3 =1.12

T4=0.90 Ts = 0.69 Ts = 0.68

Figure 6.3  Lower Vibration Modes of Open Joint Model for Landers
Earthquake.
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T =1.25 T,=1.14 Ty =1.00

Ty=0.82 Ts=0.76 T =0.70

Figure64  Lower Vibration Modes for Compression Model for Landers
Earthquake. :
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Figure 6.5 Comparison of Recorded Total Displacement (solid line)

with Computed Total Displacement (dashed line) for
Landers Earthquake.
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with Computed Total Displacement (dashed line) for Big
Bear Earthquake (continued from previous page).

Relative Displacements

Since the forces in the columns depend on the relative displacement of the top of
the column with respect to the displacement of the footing, Figs. 6.7 and 6.8 show
the relative displacement near the top of Bent 3 (channels 7 and 10) and Bent 8
(channels 18 and 19) as determined from the recorded response and computed from
the models. The recorded displacements are the same as those used to generate the
trajectories in Figs. 5.2 and 5.3. The model represents the relative displacements
well, with the exception of an under estimate of the peaks for the transverse motion
at Bent 8 (channel 19) in the Landers earthquake.
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Figure 6.7 Relative Displacement of Deck Relative to Pile Cap in
Landers Earthquake (solid-recorded, dashed-model).

6.5 Response of Intermediate Hinges

The response of the intermediate hinges is contained in the displacements
plotted in Figs. 6.5 and 6.6, but the scale makes the effects of the hinges difficult to
see. To investigate the ability of the model to capture the response of the hinges,
Figs. 6.9 and 6.10 show the relative longitudinal of Hinges 7 and 11. The relative
longitudinal displacement, velocity, and acceleration across the hinge are plotted for
each earthquake for time segments that include significant hinge motion.
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Figure 6.8  Relative Displacement of Deck Relative to Pile Cap in Big
Bear Earthquake (solid-recorded, dashed-model).

Considering the Landers earthquake, Fig 6.9 shows that for Hinge 7 the model
slightly overestimates the hinge opening and there is a considerable phase shift
compared with the recorded response in the time window 23 to 27 seconds. The
recorded relative velocity has sharp negative peaks at just past 24.5 and 25.5 seconds
immediately prior to the hinge pounding closed at these two times. The correspond-
ing acceleration has a doublet pulse characteristic of pounding (Malhotra, Huang et
al., 1994).
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Although the nonlinear hinge model represents the overall characteristics of the
relative hinge displacement, the model does not provide accurate velocity or accel-
eration of the hinge. Both show high frequency oscillations that may be caused by
lack of energy dissipation in the hinge model. The comparison is somewhat better
for Hinge 11, although the relative motion is less than at Hinge 7. The model for Big

Bear predicts the hinge opening better than the Landers model, as shown in Fig.
6.10.

The maximum hinge opening and closing displacements from the model are
listed in Tables 6.5 and 6.6. For the Landers earthquake, the model over-predicts the
maximum opening at Hinges 7 and 11. Hinges 3 and 7 close in the model with 10 to
20 percent penetration more the specified 1.5 inch initial gap. Hinges 9, 11 and 13 do
not close in the model, and the opening is also small. The model for the Big Bear
earthquake over predicts the opening and closing of Hinge 7, as shown in Table 6.6.
The model shows that only Hinges 3 and 7 close with the assumed initial hinge
opening of 1.5 in. From the nonlinear model, the maximum restrainer cable stress in
the Landers earthquake is 97 ksi at Hinge 3, which is less than the yield stress of 175
ksi. The maximum restrainer cable stress at Hinge 7 is 68 ksi. The restrainer cables
at the other hinges are stressed much less. The tension model overestimates the
hinge opening and the restrainer stress, with the latter having a maximum of 142 ksi.

Table 6.5. Maximum Longitudinal Hinge Displacements

for Landers Earthquake
Hinge Opening Hinge Closing
Displacement (in) Displacement (in)
Hinge Side Model Recorded Model Recorded

Hinge 3 In 2.88 1.66
Out 228 1.56

Hinge 7 In 2.04 1.41 1.57 1.03
Out 1.69 1.57
Hinge 9 In 0.54 0.56
Out 0.55 0.59

Hingel1l In 0.84 0.67 0.96 0.86
Out 1.20 1.32
Hinge13 In 1.21 1.25
Out 1.38 1.20
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Table 6.6. Maximum Longitudinal Hinge Displacements

for Big Bear Earthquake
Hinge Opening Hinge Closing
Displacement (in) Displacement (in)
Hinge Side Model Recorded Model Recorded
Hinge 3 In 264 1.68
Out 2.52 1.68 .
Hinge 7 In 246 1.70 1.56 1.44
Out 247 1.56
Hinge 9 In 0.60 0.64
Out 0.60 0.77
Hinge1l In 0.78 0.56 0.73 0.63
Out 1.32 1.32
Hinge13 In 1.52 1.32
Out 1.32 1.30

6.6 Column Forces

With the calibrated models of the Connector, the maximum forces in the
columns can be computed. Figures 6.11 to 6.14 show the maximum shear force and
maximum bending moment at the base of each column due to dead load and earth-
quake response. The forces are computed for three models: (i) the nonlinear model
with the hinge opening and closing; (ii) the linear compression model; and (iii) the
linear tension model. The longitudinal shear force and moment are due to weak axis
bending of the columns in the longitudinal (tangential) direction. The transverse
shear force and moment are due to strong axis bending of the columns in the
transverse (radial) direction.

Considering the longitudinal shear and moments in the columns for the Landers
earthquake in Fig. 6.11, the compression model provides larger forces than the
tension model for the short columns, particularly at the end frames. The tension
model gives larger forces than the compression model for the taller columns.
However, the two linear models do not provide an upper bound on the forces for all
columns. The nonlinear model produces larger transverse forces for the Bents 4 to 7
due to pounding at Hinge 7. Other than these two columns, the nonlinear model
gives forces that are less than the forces from the tension and compression models.
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Computed from Three Models.
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The forces predicted by the model in the Big Bear earthquake (Figs. 6.13 and
6.14) show similar trends as the forces in Landers. The tension and compression
models bound the forces very well except for the frame H3-H7, in which the
nonlinear model gives moments about 30 percent greater than the moments from the

tension model. The increase in forces compared with the tension model is due to the
pounding at Hinges 3 and 7.

To compare the computed forces in the columns with the strength of the
columns, the moment-curvature relationship for each column is computed using a
concrete strength of 4000 psi, steel yield stress of 66 ksi, the static axial force, and
neglecting the effect of the steel jacket except for confinement. The bending
moments in the columns during the Landers earthquake are less than the idealized
yield moments for most of the columns. For the longitudinal direction, the
maximum moment at Bent 9 is 59 percent of the idealized yield moment. For the
transverse direction, Bent 8 is the most heavily loaded at 77 percent of the idealized
moment, although the moment-curvature analysis indicates that the outer layer of
steel has yielded. Six other bents are loaded from 50 to 70 percent of the idealized
flexural strength in the transverse direction.

From the moment—curvature relationships it is possible to determine the effec-
tive stiffness of the columns in the transverse direction neglecting the effective of the
steel jacket. The effective stiffness varies between 1.10 times the gross moment of
inertia for the heavily reinforced columns in Bents 4 to 6, down to a factor of 0.38 for
Bents 12 and 13. The transformed stiffness can be considerably larger. The effective
stiffness in the longitudinal direction is similar. This compares with the fitted factors
of 1.05 and 0.85 from the models, assuming the steel jacket increases the stiffness 10
to 15 percent.

6.7 Response to Larger Earthquake

The ground motion at the Connector site had peak ground accelerations less
than 0.10 g in the Landers and Big Bear earthquakes. To investigate what the
response of the bridge would be in a larger earthquake, the Landers free—field
ground motion is multiplied by a factor of four. The scaled free-field ground
motion has a peak acceleration of 0.35 g. This scaled ground motion is typical of a
design earthquake ground motion as given by the ARS spectrum.

Figures 6.15 and 6.16 shows the maximum bending moments in the columns for
the Connector subjected to the amplified ground motion. The nonlinear effect of
hinge behavior can be seen by comparing the forces with the results for unscaled
Landers in Figs. 6.11 and 6.12. For example, closing at Hinge 13 with the amplified
ground motion provides additional load on the last frame increasing the
longitudinal forces in Bents 14 to 16 as compared with the values predicted by the
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compression model (Fig. 6.15). In contrast, the smaller response to unscaled Landers
does not close Hinge 13, so the forces in the end frame are similar to the values for
the tension model (Fig. 6.11). Similar trends are noted at the first frame, although
the effect on maximum moment is not as large. Other than the end frames, the two
linear models provide an upper bound (or close to it) on forces in the columns.

Table 6.7 lists the maximum hinge opening for the scaled ground motion from
the nonlinear model with cable restrainers at the hinges. The maximum opening is
8.68 in. at Hinge 3, which is much less than the seat width of 30 in., so hinge unseat-
ing cannot occur although the elastomeric bearing pads would be damaged. The
maximum stress in the restrainer cables is 359 ksi, which is greater than the yield
stress of 175 ksi since the inelastic yielding of the cables is not represented in the

model. The tension model predicts a cable stress of 555 ksi at that hinge, and greatly
overestimates the cables stresses at the other hinges.

To investigate the effect of the cable restrainers on the response of the Connector
to the scaled Landers earthquake, the maximum moments in the columns are plotted
in Fig. 6.17 for the bridge with and without cable restrainers. The restrainers have a
small effect on the forces, except for an increase of transverse moment at Bents 4 and
5 because of transfer of longitudinal forces across Hinge 3 and an increase at Bent 11
because of restraint of frame H9-H11. When cable restrainers are absent, the hinges
open about 30 percent more, as shown in Table 6.6.

Table 6.7. Maximum Longitudinal Hinge Displacement
for Landers Earthquake Scaled by Four

Hinge Opening

Displacement (in)

Hinge Side With No
Restrainers Restrainers

Hinge 3 In 8.68 9.06

Out 7.36 7.69

Hinge 7 In 4.76 6.68

Out 4.50 7.20

Hinge 9 In 1.31 1.50

Out 1.46 1.54

Hingell In 2.54 3.55

Out 5.00 6.20

Hinge13 In 4.64 494

Out 3.37 482
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Figure 6.17 also plots the idealized yield moment of the columns in each
direction. In the longitudinal direction the largest overstrength ratio is 2.92 for Bent
9. In the transverse direction the largest overstrength ratio is 3.28 for Bent 3 and four
other bents have ratios greater than 2.5. For the amplified ground motion, the
overstrength ratios indicate that there would be moderate yielding in most of the
columns with weak axis plastic hinging.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

The strong motion of the Northwest Connector in the 1992 Landers and Big Bear
earthquakes was recorded by an instrumentation network. Although the peak
ground acceleration at the site for both earthquakes was approximately 0.10 g, much
less than the level of ground motion expected in a major earthquake, the strong
motion data provides important information about the earthquake response of this
typical curved freeway bridge.

The objectives of this study have been to:

¢ evaluate the importance of non-uniform support motion on the response of
the bridge;

¢ determine the vibration properties of the bridge;

¢ determine efficacy of typical modeling and dynamic analysis techniques used
in the design of bridges to predict the response recorded in the earthquakes;

¢ examine role of the intermediate hinges on the earthquake response of the
bridge.

This chapter summarizes the major findings and conclusions related to these objec-
tives, and it provides recommendations for improving the modeling and earthquake
analysis of bridges.

7.1  Summary of Earthquake Response

Importance of Non-uniform Support Motion

The input motion at the supports of a bridge can vary because of incoherence,
wave passage, site response, and soil-structure interaction effects. For the
Northwest Connector, the input motion was fairly uniform in the two earthquakes.
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The maximum relative displacement between the abutments is 3.04 inches and 2.58
inches for the Landers and Big Bear earthquakes, respectively. These relative
support displacements are small for a 2540 ft long bridge; they can be easily
accommodated as pseudo-static displacements, primarily at the hinges. The
displacement histories for the free-field motion, and input motion at four supports
are very similar.

The coherency functions for the support motion show that for frequencies less
than 2 Hz, the input motion is fairly coherent. It may be concluded that the spatial
variation of the input motion is not significant within the range of important vibra-
tion frequencies for the Connector.

Characteristics of Recorded Earthquake Response

The earthquake response of the Connector is predominantly transverse. There
are two reasons: the input motion is stronger in the transverse direction than the
longitudinal direction, and the important vibration modes of the bridge involve
transverse motion. Bent 8 near the center of the bridge is the most heavily instru-
mented bent. The maximum transverse deformation of the column is 4.76 in. for
Landers (drift=0.86%), and 2.98 in. for Big Bear (drift=0.54%). Assuming single
curvature, these displacements are less than the drift at yield of 6.10 inches.

The pile cap rotation is not negligible; it produces an additional displacement of
0.63 in. at the top of the column in Landers and 0.47 in. in Big Bear. The rotational
flexibility of the foundation contributes 13 percent of the transverse displacement of
the deck in Landers and 16 percent in Big Bear.

Response of Intermediate Hinges

The strong motion records show the effects of pounding as evidenced by large
acceleration spikes for instruments near the five intermediate hinges. Using the
processed displacement records, Hinge 7 has the largest opening: 1.41in. in Landers
and 1.70 in. in Big Bear. Hinge 7 closes at most about 1/2—-inch during the first 25
seconds of the Landers earthquake. Later the maximum closing displacement is
about one inch, indicating that polystyrene filler material (nominally 2 in. thick) in
the hinge crushed during the strong motion response. The opening at Hinge 11 is
less than the opening of Hinge 7, and the maximum closing displacement is 0.86 in.
Several of the closing excursions show the high frequency oscillation associated with
pounding.

Hinge 7 opens more in the Big Bear earthquake than in Landers. The maximum
closing displacement is nearly 1.5 in., indicating accumulated crushing of filler in the
hinge in the second earthquake. The response of Hinge 11 is similar for the two
earthquakes.

116



In the transverse direction, the relative displacement at a hinge is constrained by
a shear key. From the processed displacements at the five intermediate hinges, the
following observations can be conjectured. During the early parts of the Landers
earthquake, when the motion is small, the keys limit the transverse displacement to
the nominal gap in some hinges (such as Hinge 3); and friction and perhaps excess
filler or other material nearly eliminate all transverse displacement in the other
hinges (such as Hinge 7). As the motion increases, local crushing of concrete at the
key allows larger transverse displacements. When the Big Bear earthquake occurs,
the shear keys have been "loosened-up” by the earlier Landers earthquake,
exhibiting more relative transverse displacement. The shear keys are effective in
limiting the relative displacement to a maximum of 0.61 in. compared with a
transverse displacement of nearby Bent 8 of over 5 in. The maximum relative
transverse displacements, however, are greater than the nominal 1/4-inch gap,
indicating the shear keys likely suffered minor local damage.

From the processed vertical displacement records for Hinge 7, it appears that
slight lift-off and pounding occurred on the inside edge of the Hinge 7, with rotation
about the outside edge. Caltrans personnel noted possible settlement at the hinges
after the earthquakes.

Vibration Properties of the Bridge

Spectral analysis and parametric identification techniques (using digital filters)
were used to identify the vibration periods of the Connector from the earthquake
records. The most significant finding is the difference in the fundamental mode
period of the Connector in the Landers and Big Bear earthquakes. The fundamental
period lengthens from 1.56 sec in Landers to 1.75 sec in Big Bear. The change in
period implies a 25 percent reduction in the stiffness of the bridge. Although there is
little change in the second mode, the periods of the third and fourth mode are longer
in the Big Bear earthquake. The other noticeable difference between the two
earthquakes is that the damping ratio increases in the first and third mode, although
it decreases in the second mode.

The lengthening of the vibration periods and generally increased damping may
indicate that the bridge “softened” in the Landers earthquake. Since the forces in the
columns were less than the yield strength, it is unlikely that the softening was due to
structural damage although flexural cracking of the columns may have occurred. A
more likely explanation is that the soil and pile foundations loosened in the Landers
earthquake due to compaction and/or gapping of soil surrounding the piles. This
soil behavior provided a larger flexibility in the Big Bear earthquake. Another
possible explanation is that the crushing of filler material in the hinges during the
Landers earthquake reduced the interaction between adjacent frames in the Big Bear
earthquake (as evidenced by larger longitudinal hinge opening), producing a more
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flexible bridge. Once the processed records from the 1994 Northridge earthquake
are available (CSMIP, 1994), it would be interesting to examine the vibration
properties for comparison with the properties from the two 1992 earthquakes.

7.2 Summary of Modeling Assumptions and Response Correlation

The approach in this study was to use modeling and dynamic analysis
procedures typically used for bridge design. Since the structural components of the
Connector did not experience inelastic deformation in the earthquakes, it is
appropriate to use linear elastic models for the components. The opening and
closing of the intermediate hinges, however, is nonlinear and that behavior is
represented in the model. Although the behavior of the foundation and soils is
nonlinear, as evidenced by the change in vibration properties of the bridge in the
two earthquakes, the foundations are modeled as linearized springs.

Modeling Assumptions

The following summarizes the major assumptions in the modeling of the
Connector:

* The elastic modulus for concrete was based on the design strength, increased
by 20 percent for overstrength.

* For the conventionally reinforced spans, the moments of inertia are the gross
sections multiplied by 0.75 to account for cracking. There is no reduction from
the gross section for the prestressed spans. Section properties near the bent
cap are reduced based on the effective width of the bent cap.

* Each span of the box girder is modeled by four or five elements. The torsional
mass moment of inertia is included along with the translational inertia.

* The hinges are modeled with nonlinear compression-only and tension-only
elements to allow relative longitudinal displacement, but relative transverse
displacement is constrained.

¢ Each column is modeled by three elements. The gross moments of inertia are
increased by 10 or 15 percent to account for the steel jackets. The modified
moments of inertia are reduced to match the fundamental vibration period of
the model with the lowest identified period from the earthquake response, as
described below.

* The pile foundations are modeled by translational and rotational springs. The
translational spring stiffness is based on a lateral stiffness of 65 kip/in per pile
for the firm sandy soils at the site. The rotational stiffness coefficient is 4x107
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kip—ft for Landers and 2x107 kip—ft for Big Bear, based on the recorded pile cap
rotation of Bent 8 in the two earthquakes.

* The abutments are modeled by longitudinal and transverse springs following
standard Caltrans guidelines.

* Based on the identified damping ratios, 3 percent damping for all modes is
used for modeling the response of the Connector in the Landers earthquake
and 5 percent for all modes in the Big Bear earthquake.

The modified gross moments of inertia for the columns were scaled to match the
vibration periods of the Connector in the two earthquakes. For the Landers model,
the modification factor is 1.05; for the Big Bear earthquake the factor is 0.85. The
reduction in stiffness of the columns between the two earthquakes, along with the
reduced rotational stiffness for the pile foundations, accounts for the lengthening the
vibration periods identified from the recorded motion.

Response Comparison

The free-field ground motion is assumed as uniform earthquake input to the
model. With these assumptions, the comparison between the model motion and
recorded motion is good in many aspects, but deficient in other aspects. The
following summarizes the response comparison

¢ The horizontal and vertical translation of the supports are well represented by
the model. This indicates that the assumptions for the free-field input motion
and support springs are adequate.

¢ Much of the transverse response is captured in the model, although there are
some differences. For channel 7, near Bent 3, the model has many of the peaks
in the recorded response and the phase comparison is good, particularly for
Landers. However some of the recorded peaks are under-estimated by the
model.

¢ The phasing in channel 11 for the Big Bear earthquake is not particularly good.
This may indicate that the Big Bear model does not represent the transverse
modes of the span well, or nonlinear response changes the characteristics of
the bridge or foundation during the earthquake in a manner not captured by
the model.

e The longitudinal response is very well represented in the model for both
earthquakes.
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* The vertical response of the bridge in the two earthquakes is captured very
well by the model.

The model’s ability to represent the opening and closing of hinges was
examined in detail. The major observations are:

* The model overestimates the 1.41 in. opening of Hinge 7 in the Landers (it
gives 1.92 in.). The opening of Hinge 11 is represented well for Landers. The
model for Big Bear also overestimates hinge opening displacements, but not as
much as for Landers.

* Although the nonlinear hinge model represents the overall characteristics of
the relative hinge displacement, the model does not provided accurate velocity
or acceleration of the hinge. Both show high frequency oscillations that may
be caused by lack of energy dissipation in the hinge model.

* Based on the assumption of 0.5 in. slack, the models show that the restrainers
cable develop stresses less than one-half the yield stress in the two
earthquakes.

7.3 Forces in the Columns and Effectiveness of Restrainers

Using the models, the forces in the columns were computed for the two
earthquakes. The forces show the nonlinear effects of hinge opening and closing.
The tension and compression models typically used in design do not always provide
an upper bound on the forces in the columns, since the linear models cannot include
the effects of frames pounding against each other. The maximum forces in the
columns in the earthquakes were less than the idealized flexural strength. The most
heavily loaded column was Bent 9 in the Landers earthquake, with a maximum
bending moment that was 73 percent of the idealized flexural strength, although the
moment was enough to cause yielding in some longitudinal reinforcement.

To examine the response of the Connector in a larger earthquake, the model was
subjected to the Landers free-field ground motion scaled by a factor of four.
Although the tension and compression models do not provide an upper bound on
the bending moments in two of the columns, the bounds are close enough for design
purposes. The maximum moments are approximately 3.25 times the flexural
capacity, an acceptable value for this level of earthquake ground motion.

With the scaled Landers ground motion, the maximum opening displacement is
8.68 in. at Hinge 3, which is much less than the seat width of 30 in., so unseating
cannot occur. The maximum stress in the linear model of the restrainer cable is 359
ksi, indicating that the cable will yield. The tension model greatly overestimates the
restrainer stresses and forces.
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The restrainers have a small effect on the response of the Connector to the scaled
Landers earthquake. The lack of restrainers slightly increases the opening at some

hinges, but in fact reduces the opening at other hinges because of changes in out-of-
phase motion.

74 Recommendations

Strong Motion Instrumentation

The number and quality of the digital strong motion instruments is an im-
provement over the earlier instrumented bridges which had a small number of
accelerometers with film recorders. However, a few improvements in the strong
motion instrumentation can be suggested.

Since the issue of non-uniform motion is poorly understood, additional
information about the free—field ground motion at the site would be helpful. It
would be desirable to have at least two free-field instruments separated by a
distance equal to the bridge length to allow characterization of the coherence at the
site. Timing between all instruments, free-field and structure, is essential. More
reliable timing mechanisms should be implemented in the field.

The processing of strong motion acceleration records makes it impossible to
determine permanent offset displacements of the hinges. It may be possible to retain
the long period signals in the processing to estimate the offset after an earthquake.
This type of processing should be investigated.

The issue of hinge displacements may be better addressed with the development
of rugged displacement measuring devices for hinges instead of relying on
accelerometers. The measurement of hinge displacements at both edges (or sides) of
hinges would help improve the understanding of hinge kinematics during an
earthquake.

Finally for data utilization studies, more information about the structure and soil
should be collected at instrumented bridges. In particular, concrete core samples to
determine properties of the materials is necessary. A more thorough investigation
for the profile and properties of the soil. The type of information collected from
typical geotechnical investigation at a bridge site is not sufficient for accurate
modeling beyond an approximate site response and soil-structure interaction
analysis.

Modeling Guidelines

For the two earthquakes with peak ground acceleration less than 0.10 g, the
elastic models of the foundations, columns, and superstructure, and the nonlinear
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models of the intermediate hinges provide an adequate representation of the bridge

response for the purpose of design. The response is sensitive to the assumption of
the column stiffness, which is dependent on the level of motion and perhaps history.

Certainly more experimental data is needed to provide a priori estimates of
column stiffness. In lieu of the lack of data it is prudent to base design decisions on
a range of reasonable assumptions for column stiffness instead of a single value.
Similar comments apply to foundation stiffness and locations for the point of fixity
for columns.

Although the simple hinge model used in this study appears to capture the
overall effect of hinge opening and closing, the hinge model is clearly inadequate for
the high frequency response near the hinge caused by pounding. Improved
methods for modeling hinges in bridges for practical analysis should be developed.

Implications for Bridge Design

The tension and compression models provide an upper bound on forces for
many columns but not all, since they do not represent the nonlinear dynamics of
hinge pounding. Based on this study, however, the tension and compression models
capture the overall response of the Connector accurately enough to make design
decisions. A further aspect that must be considered though is that once a column
yields, pounding of adjacent frames may substantially increase the ductility
demands of the yielded columns.

The nonlinear hinge models with elastic models for the remainder of the
structure have several advantages over the linear models. The nonlinear models
provide reasonable estimates of hinge opening and restrainer forces. Further, the
nonlinear models can indicate transfer of forces by pounding, and isolation of
frames by hinge opening. It is recommended that this type of modeling be
considered for evaluating bridges in which hinge opening is judged to be an
important effect. Such does not appear to be the case for the Colton connector.

Further Research

The study has illuminated many aspects of earthquake response of connector
bridges and the ability of models to represent the strong motion response. The
following areas could benefit from further research:

e improved methods of system identification for nonlinear systems to identify
opening and closing of hinges and changes in stiffness; :

e better modeling of columns, particularly with steel jacket retrofits, calibrated
against experimental test data;
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e improved models of intermediate hinges that provide information about
damage and energy dissipation, and can represent the velocity and
acceleration of the hinges more accurately.

More strong motion data from the Northwest Connector and other bridges will
provide more information about whether the conclusions of this study are specific to
the case studied or can be generalized. It is believed, however, that the conclusions
of this study are generally applicable to other connector bridges. -
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